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I. SUMMARY 

This report summarizes the work accomplished during the period from 
June 27,  1964, to December 31, 1965, on the analysis of the storage 
problems anticipated in maintaining cryogenic fluids on the surface of 
the moon in a liquid phase for an extended period of time. 

A .  PURPOSE 

The primary objectives of this program were: (1) to develop a 
method for predicting the thermal condition of a storage vessel and its 
cryogenic contents during exposure to the lunar environment for extended 
periods and (2) to quantitatively predict the expected boil-off losses. 
Particular emphasis was placed on identifying the radiation interchange 
with the lunar surface in terms of the observed lunar surface photometric 
properties and on comparing these results with the radiation from a 
surface obeying Lambert's cosine law. 

B. APPROACH -- 
The approach used in meeting the objectives of the program has been 

to summarize the available evidence on (1) the lunar environment 
(including the nature of the lunar atmosphere), (2) the postulated 
genesis of the lunar surface layer by the micrometeoroid impacts and 
solar radiation, and (3) the properties--thermal and photometric--of 
the lunar surface layer which significantly affect the heat exchange of 
a cryogenic vessel with the lunar surface. The effects of shadows cast 
on the lunar surface by the storage vessel and the radiation received by 
the vessel from nearby lunar terrain were established. Design concepts 
for the cryogenic vessel structural supports and the performance of 
multilayer insulations were summarized and a design for a model cryogenic 
vessel was selected to serve as a basis for the heat analysis calculations. 

The relationships governing the heat exchange of the vessel with the 
lunar surface were derived and methods established to permit evaluation 
of the magnitude of the heat transferred to the tank and the resultant 
cryogenic liquid boil-off losses. 

C. SIGNIFICANCE OF THE PROGRAM 

The significance of the results of this program includes the 
development of analytical procedures for obtaining the boil-off losses 
from a cryogenic vessel stored on the lunar surface by taking into 
account the interaction of the vessel with the lunar surface characterized 
by the available observational evidence. The results indicate that the 
magnitude of the total radiant heat flux incident upon the outer shroud 
of the cryogenic storage vessel is so large, compared to the flux due to 
sunlight reflected from the lunar surface, that the departure of the 
photometric function fron Lambert's law is of slight importance. 

1 



1 -  

11. INTRODUCTION 

Following t h e  i n i t i a l  manned lunar l and ing ,  t h e r e  w i l l  be a per iod  
of i n t e n s i v e  luna r  s u r f a c e  explora t ion .  To accomplish t h e  o b j e c t i v e s  
of l u n a r  e x p l o r a t i o n  miss ions ,  a s t r o n a u t s  w i l l  have t o  be a b l e  t o  s t a y  
on t h e  moon f o r  extended pe r iods  of t i m e .  Therefore ,  s y s t e m s  t o  
provide s h e l t e r  and mob i l i t y  f o r  t hese  a s t r o n a u t s  are now under con- 
s i d e r a t i o n .  Design s t u d i e s  of s h e l t e r s  and roving  v e h i c l e s  have 
i n d i c a t e d  t h a t  long-term s to rage  of cryogenic f l u i d s ,  p a r t i c u l a r l y  
l i q u i d  hydrogen, w i l l  be e s s e n t i a l  t o  t h e  success  of p ro jec t ed  miss ions .  
Cryogenic v e s s e l s  t o  be  t ranspor ted  t o  t h e  moon w i l l  have t o  be  designed 
s o  t h a t  they  can wi ths tand  t h e  va r ious  f o r c e s  a c t i n g  upon them dur ing  
launch, space  f l i g h t ,  and lunar  landing; and s t o r e  t h e  cryogenic f l u i d s  
wi th  minimum boi l -of f  l o s s e s  when exposed t o  t h e  luna r  environment. 

To analyze  t h e  s t o r a g e  problems a n t i c i p a t e d  i n  main ta in ing  cryo- 
gen ic  f l u i d s  on t h e  s u r f a c e  of t h e  moon i n  a l i q u i d  phase f o r  an extended 
pe r iod  of t i m e ,  t h e  thermal i n t e r a c t i o n s  between t h e  s t o r a g e  v e s s e l  and 
t h e  l u n a r  s u r f a c e  have t o  be determined. To assess as r e a l i s t i c a l l y  
as p o s s i b l e  t h e  e x t e n t  of t h i s  i n t e r a c t i o n ,  t h e  p r o p e r t i e s  and c h a r a c t e r -  
i s t ics  of t h e  l u n a r  s u r f a c e  have t o  be p o s t u l a t e d ,  a des ign  f o r  t h e  cryo- 
gen ic  s t o r a g e  v e s s e l  has t o  be chosen, and t h e  hea t  i n p u t s  t o  t h e  v e s s e l  
du r ing  a l u n a t i o n  have t o  be e s t ab l i shed .  O f  p a r t i c u l a r  i n t e r e s t  i s  
t h e  c o n t r i b u t i o n  of t h e  r a d i a t i o n  r e f l e c t e d  by t h e  luna r  s u r f a c e  t o  t h e  
t o t a l  h e a t  exchange wi th  the  cryogenic s t o r a g e  v e s s e l .  

I n  t h e  fo l lowing  s e c t i o n s ,  t h e  luna r  su r face  c h a r a c t e r i s t i c s  of 
importance t o  cryogenic s to rage  a r e  examined; tank  suppor ts  , t h e  per- 
formance of h igh ly  e f f e c t i v e  thermal i n s u l a t i o n s ,  and t h e  t rea tment  
of p ip ing  p e n e t r a t i o n s  t o  reduce performance degrada t ion  are d iscussed;  
ana lyses  of t h e  hea t  exchange and t h e  computation of environment hea t  
f l u x e s  are presented ;  and t h e  expected boi l -of f  ra te  f o r  a s p e c i f i c  
c ryogenic  tank  des ign  i s  estimated. 
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111. EFFECTS OF THE LUNAR ENVIRONMENT 

The cryogenic  s t o r a g e  v e s s e l  w i l l  be exposed t o  t h e  luna r  environ- 
ment. Although t h e r e  are d ivergent  views on t h e  n a t u r e  of t h i s  
environment, cons iderable  evidence has  been obta ined  so  t h a t  t h e  
s i g n i f i c a n t  aspects--such as an atmosphere of extremely low p res su re ,  
e f f e c t s  of micrometeoroid impact and s o l a r  r a d i a t i o n ,  and t h e  r e s u l t i n g  
thermal and photometric p r o p e r t i e s  of t h e  lunar  s u r f a c e  materials-- 
can be pos tu la ted .  

A.  THE LUNAR ATMOSPHERE 

Opt i ca l  and r ad io t e l e scope  observa t ions  have e s t a b l i s h e d  an  upper 
l i m i t  of t h e  d e n s i t y  of t h e  l u n a r  atmosphere and, by inference ,  p o s s i b l e  
atmospheric c o n s t i t u e n t s .  Dol l fus  (1956) es t imated ,  from measurements 
of t h e  p o l a r i z a t i o n  of sun l igh t  of t h e  luna r  atmos he re ,  t h a t  t h e  
maximum luna r  atmospheric d e n s i t y  is less than  of t h e  terrestrial  
atmospheric dens i ty .  Costain e t  a1 (1955) measured t h e  d i f f r a c t i o n  of 
radiowaves by t h e  luna r  atmosphere from t h e  o c c u l t a t i o n  of r a d i o s t a r s  
by t h e  moon. On t h e  b a s i s  of t h i s  measurement, t h e  luna r  atmospheric 
d e n s i t y  w a s  es t imated t o  be about 100 e l e c t r o n s  per  cubic  Centimeter.  
This  e l e c t r o n  d e n s i t y  corresponds t o  a d e n s i t y  of about 10-6 molecules 
per  cubic  cent imeter ,  o r  on ly  about of t h e  terrestrial dens i ty .  
Actua l  pressures  on t h e  luna r  su r face  have not  y e t  been v e r i f i e d  
exper imenta l ly ,  bu t  on t h e  b a s i s  of a v a i l a b l e  evidence, t h e  p re s su re  
of t h e  luna r  atmosphere a t  t h e  sur face  i s  assumed t o  be no higher  than  

terrestrial  atmosphere (10-10 t o r r ) .  

Although t h e  l u n a r  atmosphere i n  genera l  has a very  low pres su re ,  
l o c a l  emanations of gases  have been observed (Green, 1965),  p a r t i c u l a r l y  
i n  t h e  reg ion  of t h e  c r a t e r s  Alphonsus and Ar i s t a rchus ,  which i n d i c a t e s  
t h e  p o s s i b i l i t y  of a l o c a l i z e d  t r a n s i e n t  l una r  atmosphere a t  a s l i g h t l y  
h ighe r  than average pressure .  Furthermore, spec t roscopic  observa t ions  
of l u n a r  craters have ind ica t ed  r a d i a t i o n  from H atoms and C2 molecules 
which may be a t t r i b u t e d  t o  volcanic  a c t i v i t y  (Urey, 1961). 

I n  a d d i t i o n  t o  t h i s  p o s s i b l e  evidence, o the r  t r a n s i e n t  c o n s t i t u e n t s  
of t h e  luna r  atmosphere may be r e s i d u a l  amounts of rad iogenic  krypton,  
xenon, argon, radon, and helium which are being generated wi th in  t h e  
i n t e r i o r  of t h e  moon (Opik and Singer,  1960),  p lus  t r a c e  amounts of xenon, 
helium, neon, and argon which may be produced by cosmic r ay  bombardment 
of t h e  su r face  (Opik, 1962). Gases, l i q u i d s ,  and so l ids - - tha t  i s ,  
i n e r t  gases ,  a l k a l i s ,  t h e  halogens,  boron, s u l f e r ,  and water--may have 
been r e l eased  from t h e  i n t e r i o r  of t h e  moon by igneous a c t i v i t y  ( e i t h e r  
p a s t  o r  p re sen t )  (Green, 1965). If indeed, water vapor has been a n  
important  c o n s t i t u e n t  of t h e  d e f l u i d i z a t i o n  of t h e  moon, i c e  may have 
been formed i n  shadowed crater areas  and may be slowly vapor iz ing  (Watson 
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et al, 1961). 
released during the impact of meteoroids, subsequent vaporization of 
the impacting material, and the discharge of any occluded gases within 
the surface material. 

The lunar atmosphere will also be enriched by gases 

The rapid escape of most of the gases of the transient atmosphere 
on the lunar surface is assured by the low lunar escape velocity (Opik 
and Singer, 1960). The composition of any transient lunar atmosphere 
will depend largely on the production rate of the various gases by the 
different processes mentioned previously. Although the composition of 
the atmosphere will be complex and changing, the major constituents are 
probably water, carbon dioxide, and hydrogen. 

The absence of any significant lunar atmosphere will shape and 
control the characteristics of the lunar surface material. Because 
the moon lacks an atmosphere, its uppermost surface layer is largely 
determined by the space environment to which it is exposed. 

B. GENESIS OF POSTULATED LUNAR SURFACES 

1. Micrometeoroid Impacts 

The lunar surface is continually bombarded by high-velocity micro- 
meteoroids. This bombardment is expected to cause comminution of 
exposed materials and consequent erosion of the moon's surface features 
(Salisbury and Smalley, 1964). Most of the energy in low-velocity 
meteoroid impact is expended as shock waves which pulverize the target 
material and eject a portion of the debris to form a crater in the 
surface. In the higher-velocity impacts, volatilization at the impact 
site also contributes significantly to the l o s s  of material. The 
conversion of kinetic energy to thermal energy is great enough so 
that the material remains in the molecular form and does not condense 
on expansion. 

Bjork's (1961) calculations of the mass of the projectile that 
produced Meteor Crater Ari ona, indicate ejecta-mass-to-projectile-mass 
ratios of approximately lo5 at a meteoroid velocity of 11 km/sec and 
103.4 at a velocity of 72 km/sec. On the basis of this evidence, an 
ejecta-mass-to-projectile-mass ratio of lo3 can be assumed for meteoroid 
impacts on a solid surface at the median velocity of 15-20 km/sec 
suggested for lunar meteoroids by Whipple (1961). At these velocities, 
Gault (1963) estimated, on the basis of laboratory experiments, that 
a very small percentage of the ejecta, amounting to 3-5 times the 
infall mass, will escape from the moon; and a similar percentage 
will be vaporized or melted. 

If hypervelocity impacts occur on small targets--that is, if the 
diameter of the impacting particle is greater than about 0.3 times 
the thickness of the target particles--scabbing or spalling is an 
important source of fragmentation (Salisbury and Glaser, 1964). It 
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has a l s o  been hypothesized t h a t  t h e  l a r g e  amount of energy put  i n t o  a 
porous,  f ine-grade t a r g e t  material during hyperve loc i ty  impact may be 
s u f f i c i e n t  t o  cause welding o r  s i n t e r i n g  of t h e  powder (Syt inskaya,  
1959). Thus, t h e  l u n a r  s u r f a c e  could be covered wi th  p a r t i a l l y  fused 
p a r t i c l e s .  These p a r t i c l e s  may be rounded d r o p l e t s  of fused materials, 
i r r e g u l a r  shards  o r  g r a i n s  of sha t t e red  materials, and whisker- l ike 
c r y s t a l s  of condensed material wi th  a s i z e  assumed t o  be i n  t h e  1-10 
micron range ( n i p p l e ,  1963). L a r g e r ,  bu t  less f r equen t ,  micrometeoroid 
impacts would d i s t u r b  t h e  su r face  more deeply,  perhaps t u r n  some of 
i t  over ,  and bury some of t h e  f i n e  materials a t  va r ious  depths ,  t hus  
c r e a t i n g  a rubble  l a y e r .  

2. Solar  Radia t ion  

Important components of r a d i a t i o n  from t h e  sun are nonionizing 
u l t r a v i o l e t  l i g h t ,  s o l a r  x-rays, s o l a r  wind, and s o l a r  f l a r e s .  The 
x-rays are s o f t  and of low i n t e n s i t i e s .  The s o l a r  wind c o n s i s t s  of 
a cont inuous but  vary ing  stream of e l e c t r o n s ,  p ro tons ,  and heavier  
p a r t i c l e s ;  p ro tons  w i t h  ene rg ie s  i n  t h e  range  of 4 Kev may have a f l u x  
of lo8 par t ic les /cm2 sec. Solar  f lares ,  which occur wi th  d i f f e r i n g  
f requencies  over t h e  11-year sunspot cyc le ,  have p a r t i c l e s  wi th  
ene rg ie s  up t o  30 MeV; t h e  in t eg ra t ed  i n t e n s i t y  w i l l  gene ra l ly  be about  
l o 4  par t ic les /cm2 sec  (NASA, 1963).  
sh i e lded  from t h e  s o l a r  wind by t h e  luna r  magnetic f i e l d  (Aranowitz 
and Milford,  1963).  However, t h e  lack  of d a t a  on t h e  magnitude of t h e  
magnetic f i e l d  has  l e d  t o  t h e  assumption t h a t  t h e  more e n e r g e t i c  
p a r t i c l e s  i n  t h e  s o l a r  wind reach the  luna r  su r face .  

The l u n a r  s u r f a c e  may be p a r t i a l l y  

I n  a d d i t i o n  t o  changing t h e  phys ica l  and chemical s t r u c t u r e  of t h e  
s u r f a c e  materials, t h e  bombardment by e l e c t r o n s ,  p ro tons ,  and heavier  
p a r t i c l e s  w i l l  l e ad  t o  t h e  removal of adsorbed monolayers of d i f f e r e n t  
gases  and create chemical ly  a c t i v e  sites. 
may c o n t r i b u t e  t o  t h e  consol ida t ion  of small p a r t i c l e s  present  on t h e  
su r face .  Radia t ion  s i n t e r i n g  of lunar  dus t  has  a l s o  been advanced as 
a conso l ida t ing  mechanism on t h e  lunar  s u r f a c e  (Smoluchowski, 1965). 

The r e s u l t i n g  c l e a n  s u r f a c e s  

The bas i c  mechanism t h a t  can produce adhesion depends on d i s p e r s i o n  
f o r c e s  (van der  Waals), chemical bonds, mechanical fo rces ,  and e l e c t r o -  
s t a t i c  forces .  

The tendency f o r  f i n e  p a r t i c l e s  of most materials t o  agglomerate and 
s t i c k  t o  con ta ine r  walls is a common experience (Meissner et a l ,  1964). 
I n  such cases, t h e  f o r c e  of a t t r a c t i o n  i s  gene ra l ly  considered t o  be a 
d i s p e r s i o n  f o r c e  of t h e  London-van der  Waals type. 

I n  t h e  r e l a t e d  f i e l d  of s l i d i n g  f r i c t i o n ,  i t  i s  gene ra l ly  accepted 
t h a t  t h e  cohesive s t r e n g t h  of a ma te r i a l  i s  developed over t h e  real 
area of con tac t ;  t h a t  is, chemical bonds are formed a c r o s s  t h e  con tac t  
i n t e r f a c e .  The average f o r c e  between chemical bonds i s  of t h e  order  
of a hundred t i m e s  g r e a t e r  than van d e r  Waals f o r c e s  a t  equi l ibr ium 
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i n t e r n u c l e a r  s e p a r a t i o n s .  However, chemical f o r c e s  decrease  exponent ia l ly  
w i t h  d i s t a n c e  and can be  e f f e c t i v e  only f o r  reg ions  t h a t  a r e  i n  in t imate  
c o n t a c t .  

In  c o n t r a s t  t o  chemical bonding, van d e r  Waals f o r c e s  dominate t h e  
adhesion a t  s e p a r a t i o n s  g r e a t e r  than s e v e r a l  atomic r a d i i .  
t i ve  c o n t r i b u t i o n  of chemical bonds t o  van d e r  Waals adhesion f o r c e s  
w i l l  depend on t h e  normal load.  
c o n t a c t  a r e  formed, r e s u l t i n g  i n  t h e  domination of s t r o n g  chemical 
bonds. For l i g h t  l o a d s ,  as w e l l  as f o r  a l l  s u r f a c e s  no t  a b l e  t o  form 
bonds, t he  adhesion f o r c e  w i l l  be determined by t h e  amount of material 
w i t h i n  reach of t h e  long-range van d e r  Waals f o r c e s ,  s i n c e  t h e  rea l  
area of contact  w i l l  be  q u i t e  s m a l l .  

The rela- 

For heavy l o a d s ,  many areas of 

I f  the luna r  s u r f a c e  has  been subjec ted  t o  gas  contamination from 
t h e  moon's i n t e r i o r ,  adsorp t ion  of gases  on p a r t i c l e  s u r f a c e s  may have 
taken place.  Phys ica l ly  adsorbed gas l a y e r s  w i l l  have been removed 
r a p i d l y  a t  t h e  low p r e s s u r e s  on t h e  l u n a r  s u r f a c e .  
a l though not completely removed by t h e  a c t i o n  of vacuum a l o n e ,  would 
have been removed by t h e  a c t i o n  of s o l a r  r a d i a t i o n  on exposed p a r t i c l e  
s u r f a c e s .  I n  t h e  absence of any contaminating gas  sources ,  any f r e s h  
s u r f a c e s  generated by mechanical a c t i o n  (e. g., micrometeoroid impacts) 
would have remained c l ean .  The topography ( i .e . ,  microscopic peaks and 
v a l l e y s )  of p a r t i c l e  s u r f a c e s  generated by mechanical a c t i o n  w i l l  d e t e r -  
mine t h e  magnitude of adhesion fo rces .  Surface roughness combined w i t h  
t h e  presence of submicron p a r t i c l e s  a t  c o n t a c t  p o i n t s  w i l l  reduce adhesion 
between p a r t i c l e s .  

Chemisorbed l a y e r s ,  

Experimental d a t a  i n d i c a t e  t h a t  t h e  high vacuum can s u b s t a n t i a l l y  
i n c r e a s e  t h e  c o e f f i c i e n t  of f r i c t i o n ,  by c r e a t i n g  m i c r o s t r a i n s ,  and, 
poss ib ly ,  forming chemical bonds a c r o s s  t h e  c o n t a c t  area (Glase r ,  1964). 
The high f r i c t i o n  w i l l  tend t o  make a f a l l i n g  p a r t i c l e  s t i c k  a t  i t s  
f i r s t  con tac t ,  resist shear ing  f o r c e s  t h a t  would produce denser  packing, 
and thus  c o n t r i b u t e  t o  t h e  formation of complex and i n t r i c a t e  s t r u c t u r e s  
covering a l l  exposed l u n a r  su r faces .  I f  e l e c t r o s t a t i c  f o r c e s  a re  
present ,  e l e c t r o s t a t i c  a t t r a c t i o n  may determine where a p a r t i c l e  lands  
and thus  a s s i s t  i n  covering t h e  unders ides  of overhangs o r  c a v i t i e s  
(Sa l i sbury  e t  a l ,  1964). 

3. E l e c t r o s t a t i c  E f f e c t s  

The absence of a n  atmosphere may be r e s p o n s i b l e  f o r  g r o s s  e l e c t r i -  
f i c a t i o n  g r e a t l y  exceeding t h a t  which normally could be maintained i n  
an  atmosphere; i n  a d d i t i o n ,  charge mosaics,  normally d i s s i p a t e d  by 
m o b i l i t y  of s u r f a c e  charges,  may be e s t a b l i s h e d  and maintained.  
e x i s t e n c e  of such e l e c t r o s t a t i c  charges  h a s  been demonstrated experi-  
mental ly  (Sal isbury e t  a l ,  1964, and Glaser, 1964).  The hazards  of 
d u s t  p a r t i c l e s  have been recognized,  and s e v e r a l  mechanisms f o r  
genera t ing  t h i s  charge have been suggested.  Grannis  (1961), Walker 
(1962), and Coffman (1963) der ived  t h e o r e t i c a l  e x p r e s s i o n s  f o r  t h e  
random charge f l u c t u a t i o n s  t o  be expected as a r e s u l t  of l o c a l  s t a t i s -  
t i c a l  v a r i a t i o n s  i n  t h e  f l u x  of s o l a r  e l e c t r o n s  and pro tons  and secondary 
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photoe lec t rons  r e s u l t i n g  from u l t r a v i o l e t  r a d i a t i o n .  The removal of 
e l e c t r o n s  from sil icates by u l t r a v i o l e t  r a d i a t i o n  could raise t h e  
luna r  su r face  p o t e n t i a l  t o  s e v e r a l  t e n t h s  of v o l t s ,  r e l a t i v e  t o  t h e  
surrounding space,  by t h e  escape of high-energy photoe lec t rons ;  b u t  
those  e l e c t r o n s  which d id  not  have enough energy t o  escape from t h e  
neighborhood of t h e  moon might form a reg ion  of increased e l e c t r o n  
d e n s i t y  j u s t  above t h e  s u r f a c e  (Singer and Walker, 1962). 

The e l e c t r o s t a t i c  behavior of lunar  d u s t  may have s e v e r a l  important 
e f f e c t s .  For in s t ance ,  t h e  presence of e l e c t r o s t a t i c  a t t r a c t i o n  
between p a r t i c l e s  of oppos i te  charge may assist i n  depos i t i on  of l oose  
par t ic les  on exposed su r faces .  Also, p a r t i c l e s  caused by t h e  counter-  
a c t i n g  f o r c e s  of g r a v i t a t i o n a l  a t t r a c t i o n  and e l e c t r o s t a t i c  r epu l s ion  
may be l e v i t a t e d  and moved hor i zon ta l ly .  
a cloud of such p a r t i c l e s  vary:  l e s s  than 100 microns (Gehrels ,  1964),  
f r a c t i o n s  of a cent imeter  (Grannis, 1961),  several cen t ime te r s  (Singer  
and Walker, 1962). However, such a cloud of p a r t i c l e s  would not  
e x h i b i t  t h e  observed photometric p rope r t i e s  r equ i r ing  t h e  presence of 
h o r i z o n t a l  and v e r t i c a l  sharp-edged b a r r i e r s  (Hala j ian ,  1965).  

E s t i m a t e s  of t h e  he igh t  of 

C. PROPERTIES OF THE LUNAR SURFACE LAYER 

1. Thermal P r o p e r t i e s  

The presence of a complex, i n t r i c a t e l y  s t ruc tu red  s u r f a c e  l a y e r  
has  been ind ica t ed  by t h e  photometric measurements and r e c e n t  r a d a r  
rad iometr ic  measurements which show t h a t  t h e  su r face  material has a 
d i e l e c t r i c  cons tan t  of t h e  o rde r  of 1.8 t o  2.0 (Hagfors e t  a l ,  1965). 

Th i s  l a y e r  i s  respons ib le  f o r  the sharp luna r  su r face  temperature 
changes during a luna r  month which have been measured by i n f r a r e d  and 
microwave methods. I n f r a r e d  temperature-measuring techniques,  using 
c ryogen ica l ly  cooled photoconductive d e t e c t o r s  ( S h o r t h i l l  and S a a r i ,  
1962, and Low, 1965), have ind ica ted  temperatures  ranging from 80 K t o  
390 K. This temperature d a t a  has been used f o r  t h e o r e t i c a l  s t u d i e s  of 
t he  hea t  balance of the  luna r  sur face  (Krotikov and Shchuko, 1963, and 
Ing rao  e t  a l ,  1965). The thermal parameter of t he  su r face  l a y e r ,  
(kpc)-1/2 ( w h e r e  k i s  the  thermal conduct iv i ty ,  p the  d e n s i t y ,  c the 
s p e c i f i c  heat) , can be determined from the  temperature measurement 
du r ing  a luna t ion .  

0 

Typica l  va lues  of the thermal parameter range from 1200 t o  400 
cm2 ~ e c l / ~  O C / c a l  r ep resen t ing  a low-density, l oose ly  s t r u c t u r e d  material 
down t o  a s i n t e r e d  s t r u c t u r e  of r e l a t i v e l y  h igh  compressive s t r eng th .  The 
thermal  parameter f o r  f i n e  evacuated powders, of t h e  order  of 3000, i s  
much h ighe r  than  t h a t  of pos tu la ted  luna r  su r face  materials. 
more l i k e l y  t h a t  t h e  luna r  su r face  i s  composed of s m a l l  p a r t i c l e s  which 
have been l i g h t l y  s i n t e r e d  toge ther ,  s o  t h a t  t h e  con t r ibu t ion  of s o l i d  
conduct ion a c r o s s  p a r t i c l e  con tac t s  l e a d s  t o  an  inc rease  i n  thermal 
conduc t iv i ty  t o  correspond t o  t h e  above range of thermal pai-ameters. 

It i s  
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Table 111-1 summarizes the results of thermal conductivity measure- 
ments of postulated lunar surface articulate materials, vesicular foams, 
and rocks at pressures down to 10-po (Glaser et al, 1965). 

The observed changes in surface temperatures (Low, 1965) indicate 
that the surface materials may have characteristics corresponding to a 
loose, lightly sintered structure or a vesicular low-density foam. 

2. Photometric Properties 

The unique manner in which light is reflected by the surface of the 
moon has prompted many investigators to carry out photometric measure- 
ments of the moon. According to the measurements: 

. The moon reflects sunlight towards the earth so that the 
intensity reaches a sharp maximum at or near full moon. 

. The variation of brightness of a region is almost exclusively 
a function of the lunar phase angle and independent of the 
location on the lunar sphere or of the type of terrain. 

. The albedo is low over most areas of the lunar surface. 

These measurements indicate that the physical arrangement of the 
lunar surface material is different than that of terrestrial surfaces, 
most of which scatter light in accordance with Lambert's law. 

a. Albedo 

The results of measurements of the lunar albedo have been covered in 
the reviews of Barabashov (1962), Baldwin (1962), and Fessenkov (1962). 

The face of the full moon appears to be of nearly uniform brightness 
and its average albedo in the visual spectral range (0.4 to 0.711) is 
0.073. However, there are areas on the moon's surface which have some- 
what lower values of albedo and others which have considerably higher 
values. The extent of these variations is shown below (Barabashov, 1962). 

Lunar Feature Albedo 

Sinus Medii 
Mare Serenitatis 
Mare Imbrium 
Mare Nectaris 
Ptolemaeus 
Ar is t o t eles 
Copernicus 
Tycho 
Tycho, rays 

0.054 
0.070 
0.074 
0.080 
0.108 
0.110 
0.120 
0.137 
0.163 

10 



t 

H 
I 
H 
I 4  
H 

w 

3 

P U  
h0 

n 
V 

v o  

0 
0 m 
m 

m 
m 

rl 
N 

0 

00 
0 

0 

h 
m 

0 
al 
rl 
V 

ald 
m u  
O N  
ocd 
r l a  

P;’ u o  
40 
d N  
Fc 
8 
PI 

0 
rl m 

N 

m 

m 
4 

0 

0 

N 

m 
m 

VI 
al 
rl 
V 
d 
4-l 
k 
cd a 
7 

al 
G O  
d F  
3 v  
d 
rl 
0 

El 
5 
V 
(d 
3 
c 
d 

a 
0) 
b 
1 
m 
(d 

8 
h 
U 
d 
? 
d 
U 

a 

V 

I+ 

Y 

ii 
; 
0 

11 



The maria and a n c i e n t  "lands" have, i n  gene ra l ,  low va lues  of a lbedo 
while  t he  rims of the  most r ecen t  c r a t e r s  and the "rays" have the  h ighes t  
va lues .  

I n  the  v i s i b l e  range the moon appears  t o  be very n e a r l y  a grey body 
except  f o r  some s l i g h t  v a r i a t i o n s  i n  hue from f a i n t l y  reddish  t o  g reen i sh .  
On the  whole, t he  albedo tends t o  increase  s l i g h t l y  from the blue t o  the 
red and i t  probably cont inues  t o  r ise  i n  the i n f r a r e d .  This  can  be i n -  
f e r r ed  from the  measurements of P e t t i t  and Nicholson (1930) on the  r a d i a n t  
emit tance of the moon. For these  measurements, the  i n v e s t i g a t o r s  separa ted  
the  s u n 9 s  r e f l e c t e d  r a d i a t i o n  from the  t o t a l  r a d i a t i o n  of the  moon by means 
of a water f i l t e r  i n  f r o n t  of t h e i r  thermocouple. The f i l t e r  passed ra- 
d i a t i o n  i n  the v i s i b l e  range and c u t  o f f  e f f e c t i v e l y  a l l  i n f r a r e d  r a d i a -  
t i o n  beyond l.&. The f r a c t i o n  of r a d i a t i o n  r e f l e c t e d  i n  the  v i s i b l e  
range,  including near  i n f r a r e d ,  t o  1.b appeared t o  be about 0.155 f o r  
the c e n t r a l  reg ion  of t he  luna r  d i s c .  Therefore ,  t he  i n f r a r e d  albedo 
of t he  moon must be g r e a t e r  than t h i s  average va lue .  

The p o l a r i z a t i o n  measurements c a r r i e d  out  by Dol l fus  (1952) have 
narrowed down the  number of t h e o r e t i c a l  models which had been proposed 
t o  exp la in  the luna r  r e f l e c t i o n  behavior .  These measurements i n d i c a t e  
t h a t  the lunar  su r face  p o l a r i z e s  the s u n l i g h t ,  t h a t  t he  r e f l e c t i o n  i s  
c h a r a c t e r i s t i c  of o b j e c t s  of the  order  of the  s i z e s  of wavelengths of  
l i g h t ,  and t h a t  materials such as volcanic  a s h  can  reproduce the  l u n a r  
po la r i za t ion  measurements. 

b .  Photometric Function 

The values  of a lbedo as repor ted  without  o t h e r  q u a l i f i c a t i o n s  refer 
t o  t h e  f u l l  moon observed from the e a r t h .  I n  t h i s  s p e c i a l  c a s e ,  t h e  
angle  of incidence and the  angle  of obse rva t ion  (equal  t o  the  angle  of 
r e f l e c t i o n )  are always equa l .  I n  the  more gene ra l  case of  an o b j e c t  
rece iv ing  r a d i a t i o n  i n  the  c l o s e  v i c i n i t y  of the  luna r  s u r f a c e ,  the 
albedo i s  found t o  depend on the angle  of  inc idence  (i),  t h e  ang le  of 
r e f l e c t i o n  ($), and azimuth angle  ( e ) .  
I = I ( i ,  $, 0 )  is  the  photometric func t ion .  
photometric func t ion  which depa r t s  d r a s t i c a l l y  from the  commonly known 
func t ions ,  i n  p a r t i c u l a r  from Lambert * s  cos ine  l a w .  

The dependence of the  r a d i a t i o n  
The l u n a r  a lbedo  follows a 

A photometric func t ion  which appears  t o  conform very c l o s e l y  w i t h  
the observed photometric p r o p e r t i e s  of t h e  l u n a r  su r face  has been de-  
r ived  by Hapke (1963). Hapke's func t ion  i s  g iven  by the fol lowing 
exp re s s ion: 

€3 ( @ , g ) .  
2 1 s i n  0 + h-8) cos 0 . 

ll 
I ( i ,  $, 0 )  = I ds  dw - 

0 3n 1 + cos $/cos i 

Here,  I denotes the  amount of d i f f u s e l y  r e f l e c t e d  r a d i a t i o n  rece ived  by  
a n  element of su r face ,  d s ,  viewing a s o l i d  a n g l e ,  dw, of t he  luna r  sur face  
i l lumina ted  by the inc iden t  r a d i a t i o n  of i n t e n s i t y ,  Io 
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P is the  d i f f u s e  r e f l e c t i v i t y  of t he  p a r t i c l e s  c o n s t i t u t i n g  the  

i s  the  angle  of r e f l e c t i o n  r e fe r r ed  t o  the  normal. 

is the  angle  between the d i r e c t i o n s  of incidence and r e f l e c t i o n .  

lunar  s u r  face.  

g i s  a dimensionless "compaction parameter" r e l a t e d  t o  t h e  packing 
d e n s i t y  of  t he  p a r t i c l e s  (g =r 0.6 t o  0.8). 

B(8,g) i s  the  "backsca t te r ing  function",  

J( and B(8,g) = 1 f o r  e E 2. 

The backsca t t e r  func t ion  r e s u l t s  phys ica l ly  from shadowing of r a d i a t i o n  
e n t e r i n g  i n t o  a loose ly  packed p a r t i c u l a t e  su r face  when viewed a t  ang le s  
dev ia t ing  from the  d i r e c t i o n s  o t h e r  than that of the  inc iden t  beam. 
There are numerous assumptions made i n  the  d e r i v a t i o n  of Hapke's func t ion ,  
which have been j u s t i f i e d  by the  agreement of t he  computed photometric 
func t ions  wi th  the  experimental  da ta .  

To r econc i l e  the  d i f f e r e n t  hypotheses which have been advanced t o  
e x p l a i n  the remarkable lunar  backsca t te r ing ,  Hapke and Van Horn (1963) 
c a r r i e d  out  measurements which d isc losed  that materials which s c a t t e r e d  
l i g h t  l i k e  the  moon had a complex porous s t r u c t u r e  wi th  a random ar range-  
ment of  o b j e c t s ,  l a r g e  compared with wavelengths of v i s i b l e  l i g h t  and 
low r e f l e c t i v i t y ,  and arranged i n  an open network i n t o  which l i g h t  from 
any d i r e c t i o n  can pene t r a t e  f r e e l y .  These o b j e c t s  are loca ted  so that 
the s t r u c t u r e  on a microscopic sca l e  appears  t o  be an i s o t r o p i c  and homo- 
geneous material. This s t r u c t u r e  would a l s o  be i n  accord wi th  the  postu-  
l a t e d  genes i s  of the luna r  sur face  and the  thermal p r o p e r t i e s  of such a 
m a t e r i a l .  By reproducing the  lunar  backsca t te r ing  behavior using hard ,  
h igh ly  porous "macro rough" volcanic  c i n d e r s ,  s c o r i a e ,  and s l a g s ,  Hala j i a n  
(1965) has shown t h a t  t he  photometric func t ion  of a su r face  depends 
p r i m a r i l y  on the  geometry of i t s  elements,  no t  on the  a c t u a l  s i z e  of those 
elements .  

I n  an at tempt  t o  s imula te  the  a f f e c t s  of t h e  s o l a r  wind on t h e  photo- 
metric p r o p e r t i e s ,  Hapke (1965) used two k i l o v o l t  hydrogen ions t o  bombard 
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a wide v a r i e t y  of material .  He found t h a t  pro ton  i r r a d i a t i o n  of f i n e  
rock p a r t i c l e s  changed t h e i r  photometric p r o p e r t i e s  so  t h a t  they more 
c l o s e l y  resembled lunar  c h a r a c t e r i s t i c s .  Furthermore,  i n  de te rmina t ions  
of the photometric p r o p e r t i e s ,  the  composition of i r r a d i a t e d  rock powders 
d id  not  seem t o  be c r i t i c a l .  Because the albedos of a l l  i r r a d i a t e d  rock 
powders appeared t o  be about 5%, which i s  less  than the a lbedo  of even 
the  da rkes t  po r t ion  of the luna r  s u r f a c e ,  o the r  processes  may be ope ra t -  
ing  on the  moon t o  coun te rac t  the darkening process .  Chief among these  
are the s t i r r i n g  by micrometeoroid bombardment t o  expose new material .  
Var i a t ions  i n  the albedo may no t  only be due t o  the  material  composition 
but  a l s o  t o  the  geometry of  t he  material .  The s t r u c t u r e  of the  luna r  
su r face  may be respons ib le  f o r  changes i n  a b s o r p t i v i t y  a t  d i f f e r e n t  
angles  of solar  incidence (Polgar  and Howell, 1965). 

c .  Emittance 

The emittance of the  l u n a r  sur face  has  been the  sub jec t  of cons iderable  
conjec ture .  Recent measurements by Markov and Khokhlova (1965) ind ica t ed  
a v a r i a t i o n  of emit tance ranging from 0.62 f o r  the  con t inen t s  t o  0.83 f o r  
the maria areas a t  wavelengths of 3.6 and 8-14 microns.  The u n c e r t a i n t i e s  
i n  the assumption of a grey body, even though the  observa t ions  ind ica t ed  
approximately equal  b r igh tness  temperatures i n  the two wavelength reg ions  
used,  introduced cons iderable  unce r t a in ty  i n  the r e s u l t s .  The measure- 
ments of the emit tance of terrestrial  rocks (Lyon and Burns, 1964, and 
Van Tassel and Simon, 1964) ind ica t ed  v a r i a t i o n s  from 0.65 t o  0.93. B e -  
cause of the l ack  of r e l i a b l e  da t a  on the luna r  su r face  emit tance and 
i t s  d i r e c t i o n a l  p r o p e r t i e s ,  s eve ra l  i n v e s t i g a t o r s  have assumed t h a t  the  
luna r  surface emit tance approaches t h a t  of a b l ack  body ( Jaege r ,  1953, 
Krotikov and Shchuko, 1963).  

D. EFFECTS OF THE LUNAR ENVIRONMENT ON A CRYOGENIC STORAGE VESSEL 

1. Changes i n  Alpha/Epsilon Rat io  Caused by Deposi t ion of P a r t i c l e s  

The sur face  of  a c ryogenic- l iqu id  s to rage  v e s s e l  on the  luna r  su r face  
could be covered by a l a y e r  of p a r t i c l e s  e j e c t e d  from the luna r  su r face  
by micrometeoroid impacts. The estimates of the  rate of a c c r e t i o n  of 
such a l a y e r  on any o b j e c t  on the  luna r  s u r f a c e  are q u i t e  u n c e r t a i n  
(McCracken and Dubin, 1964).  The depth of t he  p a r t i c l e  l a y e r  accumulated 
over a one-year 'per iod  w i l l  be assumed t o  be i n  a range between 1~ and 

The e f f e c t  o f  such a t h i n ,  uniform l a y e r  of  f i n e  p a r t i c l e s  de-  
pos i ted  on the sur face  of a d i f f u s e l y  r e f l e c t i n g  material  upon i t s  re- 
f l e c t i v i t y  i s  examined below. 

R e f l e c t i v i t y  of a plane su r face  covered w i t h  a homogeneous l a y e r  of 
a s c a t t e r i n g  ma te r i a l  cha rac t e r i zed  by a s c a t t e r i n g  c o e f f i c i e n t  s may be 
c a l c u l a t e d ,  according t o  Kubelka (1948 and 1954) by t h e  followino, formula: 

l - R  (a-b c o t h  bsx) 
0 R =  a+b co th  bsx - R ' 

0 
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b T =  a s inh  bsx + bcosh bsx ' 

where Ro i s  the  d i f f u s e  r e f l e c t i v i t y  of t he  m a t e r i a l  before  it has been 
covered, x is the  depth  of the s c a t t e r i n g  l a y e r ,  a = 1/2  (Rgl + Rs) , and 
b = 1 /2  (R;l - Rs). 
m a t e r i a l  measured i n  an  i n f i n i t e l y  deep l a y e r .  

Rs i s  the d i f fuse  r e f l e c t i v i t y  of t he  s c a t t e r i n g  

The q u a n t i t y  which is  as y e t  undetermined is  the  s c a t t e r i n g  c o e f f i -  
c i e n t ,  s ,  of t h e  p a r t i c l e  l a y e r  because the  phys ica l  parameters of the  
l a y e r  (e.g., p a r t i c l e  s i z e ,  t he  o p t i c a l  cons t an t s ,  and the  volume packing 
f r a c t i o n )  are unknown. 
using the  Kubelka theory,we may estimate the  magnitude of t he  c o e f f i c i e n t s .  
Henry has measured the  s p e c t r a l  t ransmi t tance  of powder l a y e r s  c o n s i s t i n g  
of p a r t i c l e s  of known s i z e  and o p t i c a l  cons tan ts  (quar tz  and z inc  s u l f i d e )  
depos i ted  i n  known th ickness  on a t ransparent  ( r o c k s a l t )  s u b s t r a t e .  By 
using Kubelka's formula f o r  t ransmit tance of a s c a t t e r i n g  l a y e r ,  

However, t o  eva lua te  experimental  d a t a  of Henry (1948) 

we may c a l c u l a t e  t he  va lues  of s (or sx) from the  measured va lues  of  T.  
The s c a t t e r i n g  i s  usua l ly  l a rge  ( i . e .  , t he  argument bsx >> 1) , i n  which 
case  , t he  formula s i m p l i f i e s  t o  

T = 2b(a+b)-l exp(-bsx) 

and sx + b-l I n  [2b(a+b)-l T-l]. 

The va lue  of a (and b) i s  obtained from the  d i f f u s e  r e f l e c t i v i t y ,  
R,, of lunar  d u s t  m a t e r i a l  i n  an i n f i n i t e l y  
t h i s  q u a n t i t y  a luna r  a lbedo f igu re  o f ,  say,  0.15, we ob ta in  

deep l a y e r .  I f  we take f o r  

a = 3.41, b = 3.26. 

Henry's measurements show t h a t  i n  the  s p e c t r a l  range from the  v i s i b l e  
red  t o  about 3 microns,  i n  which the quar tz  p a r t i c l e s  a c t  only as s c a t -  
t e r e r s  ( t h e i r  absorp t ion  c o e f f i c i e n t  being nea r ly  zero)  , the s c a t t e r i n g  
is  so g r e a t  that even f o r  pa r t i a l  coverage (e.g.  , a 2.3 micron l a y e r  
"depth" of 6.6 micron p a r t i c l e  s i z e )  the t ransmission seldom exceeds a 
va lue  of 10 pe r  c e n t .  I n  gene ra l ,  t ransmission is  very low a t  s h o r t  
wavelengths and it becomes s i g n i f i c a n t  only i n  the  v i c i n i t y  of t he  re- 
s t r a h l e n  bands of qua r t z  by the  ac t ion  of t he  Chr i s t i ansen  f i l t e r  e f f e c t .  

W e  have compiled below some of the t ransmi t tance  d a t a  of quar tz  dus t  
layers from f i g u r e s  2 t o  4 of Henry (1948). 
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Transmittance of a Layer of Quartz P a r t i c l e s  Deposited on 
Roc k s a l  t P l a t e  s 

P a r t i c l e  Size Laver Depth T ( a t  0 .W)  T ( a t  2p) 

1. OP 

6.W 

1 5 . 5 ~  

1.1P 
6 .O 
9.6 

12.6 

2.N 
3.4 
6.2 

14.8 

4 . 1 ~  
6.7 

14.9 

0.03 
0 
0 
0 

0.12 
0.03 
0.01 
0 

0.08 
0.03 
0.01 

0.20 
0.01 
0 
0 

0.07 
0.02 
0 
0 

0.05 
0.02 
0.01 

The values of sx corresponding t o  the  va lues  of Transmittance T ,  ca lcu-  
l a t e d  by the s i m p l i f i e d  fonnula given above are l i s t e d  below. 

T 

0.01 
0.02 
0.03 
0.05 
0.08 
0.12 

- sx - 
1.40 
1.19 
1.07 
0.91 
0.77 
0.65 

As a numerical example cons ider  a c ryogenic  s to rage  v e s s e l  provided 
wi th  a thermal c o n t r o l  coa t ing  having an i n i t i a l  va lue  of d i f f u s e  r e -  
f l e c t i v i t y  Ro = 0.75 which c o l l e c t s  ( a f t e r  some as  y e t  u n c e r t a i n  time) 
a l a y e r  of qua r t z - l i ke  p a r t i c l e s  o f  1 micron average s i z e ,  1.1 micron 
deep. Then, from the  above compi la t ions  sx w i l l  have a va lue  1.07 a t  
0.8 micron wavelength. The r e f l e c t i v i t y  of t he  pa r t i c l e -cove red  s u r f a c e  
w i l l  then be R = 0.15. I f  w e  assume t h a t  t h e  e m i s s i v i t y  of the  v e s s e l  
s u r f a c e  does no t  change and t h a t  cx 
the v e s s e l  sur face  w i l l  i nc rease  by more than  a f a c t o r  of 3 ,  l ead ing  t o  
a cons iderable  increase  i n  su r face  tempera ture .  

l - R ,  t he  a lpha /eps i lon  r a t i o  of 

These cons ide ra t ions  i n d i c a t e  t h a t  the  e f f e c t s  of p a r t i c l e  d e p o s i t s  
may adverse ly  inf luence  the  performance of t h e  cryogenic s to rage  v e s s e l .  
However, Kubelka’s formulas are der ived  from a continuum theory  and may 
not be s t r i c t l y  a p p l i c a b l e  t o  d iscont inuous  l a y e r s  such as r ep resen ted  
by loose  dust p a r t i c l e s  on ly  p a r t l y  cover ing  t h e  s u r f a c e .  Moreover, 
the e f f e c t  of t he  p a r t i c l e  d e p o s i t s  on the  e m i s s i v i t y  of the  v e s s e l  s u r -  
face would a l s o  have t o  be known. 
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2 .  Chanpes i n  Surface  P rope r t i e s  by Micrometeoroid Impacts 

I n  a d d i t i o n  t o  the p o s s i b i l i t y  of the  su r face  depos i t i on  of 
p a r t i c l e s ,  e ros ion  by micrometeoroids would a l t e r  the s u r f a c e  o p t i c a l  
p r o p e r t i e s .  The damage by micrometeoroids t o  the v e s s e l  s u r f a c e  may 
be caused by p e r f o r a t i o n ,  p a r t i a l  pene t r a t ion  r e s u l t i n g  i n  the forma- 
t i o n  of a deep c r a t e r  o r  removal of sur face  material and formation of 
shal low c r a t e r s .  
phenomena leading  t o  e r o s i o n  w i l l  be the most l i k e l y  occurrence wi th  
pe r fo ra t ions  of the material  having a much lower p r o b a b i l i t y .  

I n  cons ider ing  only micrometeoroid impacts c r a t e r i n g  

S tud ie s  of micrometeoroid e ros ion  on aluminum have ind ica t ed  
t h a t  the  percentage of the c r a t e r e d  area to  the  t o t a l  s u r f a c e  area 
i s  about 35% dur ing  a six-month exposure of an aluminum su r face  (Merrill 
1965). Bombardment by tungsten mic ropa r t i c l e s  wi th  a v e l o c i t y  of about 
1.5 km/sec. i nd ica t ed  t h a t  a 100% change i n  aluminum emit tance occurred 
over the c ra t e red  su r faces .  I n  another s tudy  (Mir t ich  and Mark 1965) 
s i l i c o n  carb ide  micron s i zed  p a r t i c l e s  were used t o  bombard pol ished 
aluminum and aluminum coated Mylar. The r e f l ec t ance  w a s  reduced t o  
about  50% a f t e r  bombardment i n  the v i s i b l e  range and t o  about 75% of 
the o r i g i n a l  va lue  between 10 and 15 microns. The r e f l e c t a n c e  of the  
aluminum coated Mylar w a s  reduced uniformly t o  about 55% up t o  wave- 
lengths  of  15 microns. For micrometeoroids of about  grams the 
r e f l e c t a n c e  of a pol i shed  aluminum sur face  has  been es t imated  t o  drop 
t o  h a l f  of the  o r i g i n a l  va lue  i n  about t h ree  years, while  f o r  p a r t i c l e s  
of grams the damage t i m e  would be reduced t o  about seven months 
(Mir t ich  and Mark 1965). Because of the lack  of s p e c i f i c  d a t a  of  the  
e f f e c t  of micrometeoroid e ros ion  on sur face  v e s s e l  coa t ing ,  a range of 
CI/E r a t i o s  has t o  be considered i n  determining the b o i l - o f f  r a t e  of 
the  cryogenic  f l u i d s .  

3 .  Low Pressure  Environment 

The ambient low p res su re  t o  which the cryogenic  s to rage  v e s s e l  
w i l l  be exposed on the lunar  su r face  w i l l  be most h e l p f u l  i n  maintain-  
i ng  the  cryogenic f l u i d  wi th in  the ves se l  f o r  extended per iods .  Through 
c a r e f u l  des ign  of the thermal i n s u l a t i o n  the con t r ibu t ions  of  gas con- 
duc t ion  t o  h e a t  t r a n s f e r  t o  the cryogenic f l u i d  can be most e f f e c t i v e l y  
reduced. 
t o  the  luna r  atmosphere a s su r ing  the e f f i c i e n t  ope ra t ion  of  the  i n s u l a t i o n .  

Any r e s i d u a l  gases  o r  products of ou tgass ing  can be vented 

4 .  I n t e r a c t i o n  Between the Storage Vessel  and the Lunar Surface  

The r a d i a t i o n  interchange between the su r face  of the  cryogenic 
s t o r a g e  v e s s e l  and the  lunar  su r face  f o r  the pos tu l a t ed  photometric 
p r o p e r t i e s  i s  t r e a t e d  i n  d e t a i l  i n  Sect ion V .  By assuming t h a t  the 
luna r  su r face  emit tance approaches tha t  of a b lack  body a conserva t ive  
des ign  approach f o r  the  cryogenic s torage  v e s s e l  can be followed. As 
more s p e c i f i c  d a t a  on the  emit tance of t he  lunar  su r face  i s  obtained 
the  ana lyses  descr ibed  i n  Sec t ion  V can be modified to  take i n t o  account 
s p e c i f i c  emit tance p r o p e r t i e s .  
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I V .  CRYOGENIC STORAGE VESSEL DESIGN CONCEPTS 

The genera l  func t ion  of any cryogenic- l iquid s t o r a g e  system is  t o  
conta in  and conserve t h e  s t o r e d  l i q u i d  u n t i l  such t i m e  as i t  i s  withdrawn 
and used. 
and s h e l t e r s  must s e r v e  t h i s  gene ra l  func t ion .  Containment of l i q u i d  
hydrogen p r e s e n t s  no s e r i o u s  problem. However, t h e  conserva t ion  of t h e  
cryogenic  f l u i d  f o r  extended per iods  i n  a s imulated luna r  environment 
wi th  minimum boi l -off  l o s s  has y e t  t o  be  demonstrated. 
of t h e  s t o r e d  f l u i d  re la t ive t o  t h e  environmental  temperatures  causes  a 
hea t  f low t o  t h e  f l u i d  and a subsequent l o s s .  Thus, t o  conserve t h e  f l u i d  
the  n e t  hea t  in f low from t h e  o u t e r  boundary t o  t h e  s t o r e d  cryogenic  f l u i d  
must be l imi t ed .  

The cryogenic  s t o r a g e  vessels t o  supply luna r  roving v e h i c l e s  

The low temperature  

I n  any real system, t h e r e  are many pa ths  through which hea t  may be 
t r a n s f e r r e d  t o  t h e  s t o r e d  f l u i d .  The p r i n c i p a l  one,  of course,  is  t h e  
s u r f a c e  of t h e  vessel; t h i s  s u r f a c e  must be i s o l a t e d  from the  environment 
by a thermal i n s u l a t i o n .  Others  inc lude  t h e  s t r u c t u r a l  suppor ts  and 
p ip ing  which i n t e r r u p t  t h e  i n s u l a t i o n  a t  s e v e r a l  p o i n t s  and conduct h e a t  
t o  l o c a l i z e d  areas of t he  vessel sur face .  The p ipes  w i l l  a l s o  r a d i a t e  
h e a t  from t h e i r  w a r m  ends through t h e i r  i n t e r i o r s  t o  the s t o r e d  f l u i d  
un le s s  t h e  openings are appropr i a t e ly  b a f f l e d .  The hea t  l eaks  r e s u l t i n g  
from each source  and t h e  heat-source in t e rac , t i ons  can be est imated us ing  
a n a l y t i c a l  techniques and experimental  d a t a  now a v a i l a b l e .  

The thermal i n s u l a t i o n  and design concepts appropr i a t e  f o r  a cryogenic  
s t o r a g e  v e s s e l  f o r  u se  on t h e  luna r  su r face  are d iscussed  i n  the  fol lowing 
s e c t i o n s .  A s p e c i f i c  des ign  f o r  such a v e s s e l  forms the  b a s i s  f o r  t h e  
a n a l y s i s  of t h e  hea t  exchange of t h i s  v e s s e l  wi th  the  luna r  environment. 

A .  TKERMAL PROTECTION SYSTEMS 

1. Mul t i l aye r  I n s u l a t i o n s  

I n  r e c e n t  yea r s ,  a l a r g e  v a r i e t y  of m u l t i l a y e r  i n s u l a t i o n s  and appro- 
p r i a t e  a n a l y t i c a l  t echniques  t o  pred ic t  t h e i r  performances have been 
developed (Timmerhaus, 1958-1965). Table I V - I  lists phys ica l  p r o p e r t i e s  
of t y p i c a l  m u l t i l a y e r  i n s u l a t i o n s  which hold promise f o r  a p p l i c a t i o n  t o  
cryogenic  s t o r a g e  v e s s e l s .  

The hea t  f l u x  i n t o  t h e  cryogenic v e s s e l  i s  inf luenced by t h e  e f f e c t s  
of v a r i a b l e s  such as: 

warm-boundary temperature ,  

compression appl ied  t o  t h e  i n s u l a t i o n  during i n s t a l l a t i o n  
and dur ing  ope ra t ion ,  

t ype  of gas  and gas  pressure  i n s i d e  t h e  i n s u l a t i o n ,  

i n s u l a t i o n  th ickness ,  
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r a d i a t i o n  s h i e l d  emit tance,  

ou tgass ing ,  

vent ing  requirements ,  and 

material s t a b i l i t y .  

F igures  I V - 1 ,  2, and 3 show t h e  hea t  f l u x  f o r  a t y p i c a l  mu l t i l aye r  
i n s u l a t i o n  as a func t ion  of warm-boundary temperature ,  gas p re s su re ,  and 
app l i ed  compression f o r  a cold boundary temperature  of about 21'K. 

The thermal conduct iv i ty  of mul t i l aye r  i n s u l a t i o n s  f o r  a given set 
of ope ra t ing  cond i t ions  has  been shown t o  be ( L i t t l e ,  1963):  

- propor t iona l  t o  t h e  f o u r t h  power of t h e  warm-boundary 
temperature;  

nea r ly  independent of t h e  cold-boundary temperature  i f  t h e  
cold-boundary temperature  is  low compared t o  t h e  warm-  
boundary temperature;  

* d i r e c t 1  p ropor t iona l  t o  t h e  g a s  p re s su re  i f  i t  i s  below 
1 x lo-% tor r - - for  p re s su res  above 1 x 10-4 t o r r  q u a l i t y  
of a mul t i l aye r  i n s u l a t i o n  d e t e r i o r a t e s  rapidly--and, 

approximately p ropor t iona l  t o  t h e  2/3  power of t h e  compressive 
load appl ied  t o  the  in su la t ion .  

To m e e t  s p e c i f i c  requirements ,  a wide v a r i e t y  of m u l t i l a y e r  appl ica-  
t i o n  techniques have been developed. Among t h e  va r ious  methods f o r  
i n s t a l l a t i o n s  of mul t i l aye r  i n s u l a t i o n s  are: 

p re fab r i ca t ed  b l anke t s  made of s e v e r a l  r a d i a t i o n  s h i e l d s  
and space r s  preshaped t o  t h e  contour of t h e  conta iner  and 
placed d i r e c t l y  on t h e  tank. 

mu l t i l aye r  i n s u l a t i o n s  shaped and assembled layer-by-layer 
d i r e c t l y  on the  tank su r face .  

narrow (1 t o  3 inches wide) continuous s t r i p s  of r a d i a t i o n  
s h i e l d  and spacer material wrapped on t h e  tank  and covering 
the  s u r f a c e  of the  tank  wi th  a d e s i r e d  number of l a y e r s ;  and 

shingle- type r a d i a t i o n  sh ie lds  and spacers .  

2. Types of Thermal P ro tec t ion  Systems 

I n  terrestrial a p p l i c a t i o n s ,  mu l t i l aye r  i n s u l a t i o n s  can be enclosed 
i n s i d e  a vacuum-tight o u t e r  pressure  v e s s e l .  I n  a cryogenic  v e s s e l  

2 1  
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t r a n s p o r t a b l e  by a space  v e h i c l e ,  the  pena l ty  of a heavy o u t e r  p re s su re  
s h e l l  would be p r o h i b i t i v e ;  t he re fo re ,  a mul t i l aye r  i n s u l a t i o n  must be 
designed so  t h a t  i t  can ope ra t e  i n  t h e  d i f f e r e n t  environments a c t i n g  upon 
i t  p r i o r  t o  launch, dur ing  boos t ,  i n  space,  during a luna r  landing ,  and 
dur ing  s t o r a g e  on t h e  l u n a r  su r face .  Considerable work has a l r eady  been 
c a r r i e d  out  t o  d e v i s e  systems which can perform adequately i n  t h e s e  d i f -  
f e r e n t  environments. Among these  systems are pre-evacuated m u l t i l a y e r  
i n s u l a t i o n s  us ing  l igh tweight  f l e x i b l e  j a c k e t  i n s u l a t i o n s  (Perkins  e t  a l . ,  
1964),  buckl ing metal j a c k e t s  (Leonhard, 1965),  a metal j a c k e t  wi th  two 
d i f f e r e n t  series of cor ruga t ions  perpendicular  t o  each o t h e r  and r e g u l a r l y  
spaced i n  both d i r e c t i o n s  (Gazocean, 1964),  and space evacuated systems 
r e l y i n g  on pumping through seams and edges t o  t h e  ambient low p res su re  
environment. 

A s  gases  b o i l  o f f  from the  cryogenic l i q u i d ,  they have a s i g n i f i c a n t  
r e f r i g e r a t i o n  p o t e n t i a l  wi th  r e spec t  t o  the  temperatures  of t h e  environ- 
ment and the  i n s u l a t i o n  system. This r e f r i g e r a t i o n  can be used by al lowing 
t h e  boi l -of f  gases  t o  cool  the  ves se l  suppor ts ,  l i q u i d  o r  gas l i n e s ,  o r  
one o r  more r a d i a t i o n  s h i e l d s  placed i n  t h e  i n s u l a t i o n  between t h e  cold 
w a l l  of t h e  l i q u i d  conta iner  and the  o u t e r  w a r m  shroud. A cooled s h i e l d  
can be used t o  i n t e r c e p t  a po r t ion  of t h e  hea t  passing through t h e  insu la-  
t i o n  and t r a n s f e r  t h i s  hea t  t o  t h e  vent gas ,  which w i l l  then  rise i n  t e m -  
pe ra tu re .  The amount of hea t  thus  removed w i l l  be p ropor t iona l  t o  t h e  
amount of gas  being vented,  t h e  s p e c i f i c  hea t  of t h e  gas ,  and the  tempera- 
t u r e  r ise of t h e  gas .  

The l o c a t i o n  of the  cooled s h i e l d  and the  magnitude of the  reduct ion  
of the b o i l - o f f  have been inves t iga t ed  i n  a powder in su la t ed  l i q u i d  
hydrogen v e s s e l  (Scott*, 1959).  The improvement i n  i n s u l a t i n g  e f f e c t i v e -  
nes s  obta ined  w i t h  a cooled s h i e l d  has been extended by ana lys ing  the  
performance of m u l t i p l e  vapor-cooled s h i e l d s .  Paivanos,  e t  a1 (1965) 
have analyzed the  improvement t h e o r e t i c a l l y  obta inable  through the  use  
of an  i n f i n i t e  number o f  vapor-cooled s h i e l d s  where every r a d i a t i o n  s h i e l d  
i s  made t o  serve a l s o  as a vapor-cooled s h i e l d .  With vapor cool ing ,  t he  
b o i l - o f f  rate of  hydrogen can be reduced t o  0.19 of the  va lue  t h a t  would 
be obta ined  without  vapor cool ing .  

An a n a l y s i s  of the  p o s i t i o n  o f  a s i n g l e  cooled s h i e l d  i n  a mul t i l aye r  
i n s u l a t i o n  ind ica t ed  t h a t  the  optimum s h i e l d  l o c a t i o n  would be w i t h i n  
20 p e r  c e n t  of t he  i n s u l a t i o n  thickness  from the  co ld  su r face  (Moore, 
1965). The thermal e f f e c t i v e n e s s  i s  n o t  s e n s i t i v e  t o  the  l o c a t i o n  of 
t h e  s h i e l d  wi th in  from 5 t o  60 p e r  cen t  of t he  i n s u l a t i o n  th ickness .  
For t h e  optimum s h i e l d  loca t ions ,  the boi l -of f  rate of hydrogen can  be 
reduced as much as 0.26 of the value without  a s h i e l d .  
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B, STRUCTURAL SUPPORTS - 

The requirements f o r  suppor ts  of t h e  cryogenic v e s s e l  w i l l  be  d i f -  
f e r e n t  f o r  each phase of a s p e c i f i c  mission. From e a r t h  launch t o  l u n a r  
landing,  a t  i n t e r m i t t e n t  i n t e r v a l s  t h e  vessel w i l l  experience three-axis  
a c c e l e r a t i o n s  and v i b r a t i o n .  The c o n t a i n e r  suppor ts  f o r  t h e s e  condi- 
t i o n s  w i l l  have t o  be of g r e a t e r  s t r e n g t h  and t h e r e f o r e  more massive 
than  t h e  supports  requi red  during s t o r a g e  on t h e  l u n a r  s u r f a c e ,  where 
t h e  conta iner  w i l l  experience a g r a v i t y  f o r c e  116 t h a t  of e a r t h  g r a v i t y .  
To minimize hea t  l e a k s ,  i t  may be d e s i r a b l e  t o  a l t e r  t h e  suppor ts  t o  
s u i t  t h e  var ious load condi t ions ,  and v a r i o u s  material  choices  and des ign  
approaches can b e  considered t o  achieve t h i s  o b j e c t i v e .  

1. Materials 

Thermal conduct iv i ty ,  t e n s i l e  s t r e n g t h ,  and modulus of e l a s t i c i t y  
are t h e  most s i g n i f i c a n t  p r o p e r t i e s  i n  t h e  des ign  of a support  system. 
A number of candida te  s t r u c t u r a l  materials are presented i n  Table IV-I1 
along w i t h  va lues  f o r  each property.  

The heat  l e a k  p e r , u n i t  of load f o r  a support  member i n  pure t e n s i o n  
is  propor t iona l  t o  k/a ,  where k i s  t h e  thermal  conduct iv i ty  and a is  t h e  
maximum working stress of t h e  member. Using room temperature v a l u e s  of 
t h e  conduct iv i ty  and t h e  stress va lues  i n d i c a t e d ,  w e  computed k/a  values .  
Table IV-I1 shows t h e s e  v a l u e s  f o r  candida te  materials. Among t h e s e  
m a t e r i a l s ,  t h e  i n d u s t r i a l  ya rns ,  dacron, Nomex and g l a s s  f i b e r s  have 
s i g n i f i c a n t l y  lower  va lues  of k/a than  do s ta in less  s t e e l  and t i t a n i u m  
a l l o y s .  

The n a t u r a l  frequency o f  a support  system and cryogenic  vessel must 
be g r e a t e r  than t h e  frequency of any e x c i t a t i o n s  t h a t  r e s u l t  from t h e  
v i b r a t i o n s  and a c c e l e r a t i o n s  induced a t  the time a space v e h i c l e  i s  
t h r u s t i n g .  A m a t e r i a l  w i l l  provide minimum conductance support  a t  t h e  
n a t u r a l  frequency o f  a t e n s i o n  support  when the  r a t i o  of the thermal con- 
d u c t i v i t y  of the support  t o  i t s  modulus of e l a s t i c i t y  is a t  a minimum. 
Also  summarized i n  Table IV-I1 i s  t h e  v a l u e  of t h i s  r a t i o  f o r  v a r i o u s  
materials. 

2 .  Design Concept 

Although a number of designs ,Cor suppor ts  of s t o r a g e  v e s s e l s  have 
been used,  e .g . ,  t e n s i o n  s u p p o r t s ,  m u l t i p l e  thermal r e s i s t a n c e  suppor ts  
and r e f r i g e r a t e d  suppor ts ,  a cone support  system has been analyzed and 
t e s t e d  i n  d e t a i l  (Lockheed, 1965) . Experimental  r e s u l t s  i n d i c a t e  t h a t  
very good performance on a weight-heat  l eak  b a s i s  can be obtained.  The 
cone support  can be made of a mylar honeycomb material  which i s  formed 
t o  a cone shape and bonded t o  a g i r t h  r i n g  around the  inne r  conta iner  
and a g i r t h  r i n g  on the  o u t e r  shroud. The cone can be designed t o  
withstand longi tudina l  a c c e l e r a t i o n s  i n  two d i r e c t i o n s  a s  w e l l  a s  
t r a n s v e r s e  a c c e l e r a t i o n s  f o r  both the  t e n s i l e  and buckl ing loads  as-  
s o c i a t e d  with such a c c e l e r a t i o n s .  
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Because t h i s  type  of support  p e n e t r a t e s  t he  m u l t i l a y e r  i n s u l a t i o n ,  
t h e  attachment of t h e  i n d i v i d u a l  l a y e r s  t o  the  cone has t o  be accomplished 
s o  t h a t  the  temperatures of t h e  s h i e l d s  match t h e  temperature d i s t r i b u t i o n  
i n  t h e  support cone. I n  t h i s  manner, i so thermal  s u r f a c e s  can be preserved 
around the  conta iner  i n  t h e  v i c i n i t y  of t h e  support  cone, and thermal 
s h o r t  c i r c u i t s  can be prevented. 
such a support system. 

Figure IV-4 shows a des ign  concept f o r  

C.  DESIGN OF MODEL CRYOGENIC VESSEL 

We inves t iga t ed  s e v e r a l  des ign  concepts f o r  a model cryogenic v e s s e l  
as t h e  b a s i s  f o r  t he  c a l c u l a t i o n s  of hea t  in te rchange  on the  lunar  s u r f a c e .  
The following des ign  w a s  chosen because i t  r e p r e s e n t s  a des ign  based on 
p r a c t i c a l  experience,  which can be used t o  demonstrate c a l c u l a t i o n a l  
techniques .  Although no t  optimized, t he  des ign  i s  r e p r e s e n t a t i v e  of a 
l u n a r  liquid-hydrogen v e s s e l  and i l l u s t r a t e s  t h e  p a r t i c u l a r  problems 
a s s o c i a t e d  with s t o r i n g  l i q u i d  hydrogen on t h e  luna r  s u r f a c e .  

A schematic diagram of t h e  v e s s e l  i s  shown i n  F igure  IV-5. The l i q u i d  
hydrogen i s  contained i n  a 14-foot diameter s p h e r i c a l  v e s s e l  supported 
w i t h i n  a c y l i n d r i c a l  shroud which rests on a t r i p o d  suppor t  system. The 
o v e r - a l l  size and shape o f  t h i s  package were chosen t o  correspond t o  the  
Lunar Excursion Module, The s p h e r i c a l  v e s s e l  i s  a t t a c h e d  t o  the  main 
v e h i c l e  s t r u c t u r e  by a s i n g l e  continuous cone and is  thermal ly  p ro tec t ed  
w i t h  a mul t i l aye r  i n s u l a t i o n  system. A l l  of t he  p ip ing  r equ i r ed  t o  f i l l ,  
v e n t ,  and d r a i n  t h e  v e s s e l  i s  arranged t o  form a s i n g l e  p ip ing  pene t r a -  
t i o n  on the  t o p  of t he  v e s s e l .  A f i ve - foo t  diameter s p h e r i c a l  p re s su re  
v e s s e l  i n s ide  the  l i q u i d  hydrogen v e s s e l  s t o r e s  h igh-pressure  gaseous 
helium requi red  t o  p r e s s u r i z e  the  u l l a g e  space of t h e  v e s s e l  during w i t h -  
drawal of l i q u i d  hydrogen. 

1. Operation 

The general  mode of ope ra t ion  r e q u i r e s  t h a t  t h e  v e s s e l  be f i l l e d  and 
topped o f f  continuously p r i o r  t o  launch a t  a p res su re  somewhat above one 
atmosphere. This pressure  is maintained by a low p res su re  ven t  va lve .  
Imnediately p r i o r  t o  launch, t h i s  low p res su re  v e n t  va lve  i s  c losed  and 
c o n t r o l  of tank p res su re  is  switched over t o  t h e  primary s a f e t y  r e l i e f  
device .  A t  launch the  l i q u i d  i n  the  v e s s e l  is sub-cooled t o  the  tempera- 
t u r e  corresponding t o  the  r e l i e f - v a l v e  p re s su re  and absorbs  hea t  during 
launch and t r a n s f e r  t o  the l u n a r  su r face  wi thout  t he  p re s su re  r i s i n g  t o  
the p o i n t  where it i s  necessary  t o  ven t  through t h e  r e l i e f  va lve .  On the  
l u n a r  su r face ,  a continuous v e n t  i s  opened and t h e  v e s s e l  is cont inuous ly  
vented through an o r i f i c e  which i s  s i z e d  so t h a t  t h e  v e n t  ra te  i s  averaged 
over a lunar  c y c l e .  This rate w i l l  be less than  t h e  ra te  r equ i r ed  t o  
keep the  vesse l  p re s su re  cons t an t  during t h e  l u n a r  day and g r e a t e r  than 
t h a t  required t o  keep the  v e s s e l  p re s su re  c o n s t a n t  du r ing  the  luna r  n i g h t .  
Thus, t he  ves se l  p re s su re  (and f l u i d  temperature) w i l l  f l u c t u a t e  over the  
l u n a r  cyc le  and the  f l u i d  i n  the  v e s s e l  w i l l  a c t  as a thermal flywheel.  
The continuously ven t ing  gas can be used t o  i n t e r c e p t  conductive hea t  
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l eaks  down suppor ts  and i n  the  p ipes  i n  the p ip ing  p e n e t r a t i o n ,  and f o r  
cool ing  of t h e  r a d i a t i o n  s h i e l d .  To withdraw l i q u i d  on the  l u n a r  s u r f a c e ,  
t he  l i q u i d  withdrawal l i n e  is opened and the  l i q u i d  forced out  by gas  
p re s su re .  P res su r i zed  helium gas i s  introduced i n t o  t h e  v e s s e l  u l l a g e  
space t o  main ta in  the requi red  pressure during t h i s  t r a n s f e r .  

2.  P ip ing  Pene t r a t ions  

Pene t r a t ions  such as supports  and vent,  p r e s s u r i z a t i o n ,  f i l l  and 
d r a i n  l i n e s  w i l l  pass  through the  i n s u l a t i o n  and  c o n t a c t  the ou t s ide  
warm shroud. Because of the h igh ly  a n i s o t r o p i c  p r o p e r t i e s  of m u l t i l a y e r  
i n s u l a t i o n s ,  imposed temperature g rad ien t s  a t  the  j u n c t i o n  w i t h  pene t ra -  
t i o n s  propagate r a p i d l y  along the  in su la t ion .  To prevent  performance 
degrada t ion ,  i nd iv idua l  r a d i a t i o n  sh ie lds  have t o  be arranged t o  match 
temperatures  a long the  pene t r a t ion  on a buf fe r  zone i n s e r t e d  between t h e  
s h i e l d s  and the  pene t r a t ion  (ADL, 1964). A bu f fe r  zone c o n s i s t s  of a 
material which approximates the  temperature d i s t r i b u t i o n  i n  the  i n s u l a t i o n .  
The spacer  material i t s e l f  can act  as a b u f f e r  zone. The b u f f e r  zone p re -  
ven t s  r a d i a t i o n  from e n t e r i n g  the gap caused by p e n e t r a t i o n s  and prevents  
a c c i d e n t a l  thermal s h o r t s  between the r a d i a t i o n  s h i e l d s  and the  penetra-  
t ion.  

Seve ra l  p ipes  are requi red  f o r  opera t ion  of t h e  cryogenic  vessel. These 
inc lude  p ipes  which pene t r a t e  the  mul t i l aye r  i n s u l a t i o n ,  and a u x i l i a r y  
va lves  and ven t s .  Four l i n e s  pene t r a t e  the  i n s u l a t i o n ;  a f i l l  and wi th-  
drawal l i n e ,  a prelaunch ven t  l i n e ,  a high-pressure helium l ine ,  and a 
vessel vent  l i n e :  

a. The f i l l  and withdrawal l i n e  i s  used t o  f i l l  t h e  v e s s e l  wi th  
l i q u i d  hydrogen p r i o r  t o  launch and t o  withdraw the  l i q u i d  on the  luna r  
su r face .  The l i n e  reaches t o  the  bot tan  of  t h e  l i q u i d  hydrogen v e s s e l  
and te rmina tes  i n  an  on-off va lve .  This  one-inch diameter  l i n e  is s i z e d  
so that the  e n t i r e  con ten t s  of t he  ves se l  may be dra ined  by pressure  
t r a n s f e r  i n  an 8-hour per iod .  

b. The prelaunch vent  l i n e  se rves  two purposes: (1) t o  vent  
the  v e s s e l  dur ing  f i l l i n g  and while i n  a ready state p r i o r  t o  launch, 
and (2) t o  in t roduce  helium gas  f o r  p r e s s u r i z a t i o n  dur ing  withdrawal 
o f  hydrogen on the luna r  sur face .  The vent  requirements determine the  
s i z e  o f  t h i s  l i n e .  During the  f i l l i n g  and ground-hold phases,  the  b o i l -  
o f f  rate w i l l  be very  h igh  as a r e s u l t  of the cool-down h e a t  load and the  
h igh  heat leakage through the  in su la t ion  system during the helium gas 
purge.  This  ven t  l i n e  i s  s i zed  so t h a t  it does no t  in t roduce  excess ive  
p re s su re  drops a t  these  high vent ing rates. For the  model v e s s e l ,  t h i s  
l i n e  must be about  one inch  i n  diameter. 

c .  The h igh  pressure  helium l ine  is used during withdrawal t o  
t r a n s f e r  helium gas from t h e  high pressure helium b o t t l e  i n  the  v e s s e l  
th rough a pressure-reducing va lve  i n t o  the v e s s e l  u l l a g e  space v i a  the  
prelaunch vent  l i n e .  The amount of high-pressure helium gas requi red  
f o r  t h i s  purpose i s  r a t h e r  s m a l l ,  so that a 1/4-inch diameter  l i n e  w i l l  
s u f f i c e .  The high-pressure helium b o t t l e  is charged p r i o r  t o  launch 
through the helium f i l l  l i n e .  



d. The vent  l i n e  o r i g i n a t e s  i n  t h e  v e s s e l  u l l a g e  space  and termi- 
nates i n  an o r i f i c e  which se rves  as a continuous vent  on t h e  luna r  s u r f a c e  
and a s  a s a f e t y  r e l i e f  device .  This l i n e  i s  thermal ly  coupled t o  t h e  
o t h e r  t h r e e  l i nes  i n  t h e  p ip ing  p e n e t r a t i o n  s o  t h a t  t h e  cont inuous ly  vent ing  
gas  i n t e r c e p t s  hea t  l e a k s  down t h e s e  l i n e s  during luliaL s to rage .  
t h e  vent ing  r a t e  is small, t h i s  l i n e  can be 1/4-inch d iameter .  

S ince  

The piping p e n e t r a t i o n ,  l oca t ed  on the  top  c e n t e r  l i n e  of t h e  tank ,  
i s  shown i n  d e t a i l  i n  F igure  IV-6 .  
1 2  inches  long and 3 inches  i n  diameter,  t h e  pre launch  vent l i n e ,  f i l l  
and withdrawal l i n e ,  and high-pressure helium l i n e .  There are  t h r e e  
equa l ly  spaced high-conductivity-material  d i s c s  i n  t h e  p e n e t r a t i o n .  
d i s c s  p a s s  t r ansve r se ly  through i t  and are  thermal ly  bonded t o  both t h e  
suppor t  tube and t h e  p ipes .  The v e s s e l  vent  l i n e  i s  c o i l e d  a t  each of 
t h e s e  d i s c s  and bonded t o  i t ,  so t h a t  a t r a n s v e r s e  i so the rma l  s u r f a c e  i s  
e s t a b l i s h e d  a t  each d i s c .  This permits t h e  s p e c i f i c  h e a t  a v a i l a b l e  i n  
t h e  vent gases t o  i n t e r c e p t  conductive h e a t  l e a k s  down t h e  o t h e r  t h r e e  
p ipes  and t o  reduce t h e  t o t a l  f l u x  i n t o  t h e  v e s s e l  through t h i s  penetra- 
t i o n  t o  a value which i s  cons iderably  below t h a t  which would r e s u l t  i f  
t h e r e  were no thermal couplings.  

It c o n s i s t s  of a p l a s t i c  suppor t  tube  

The 

The r a t i o s  of t h e  hea t  l e a k  wi th  no d i s c s  through t h i s  p e n e t r a t i o n  
as a func t ion  of t h e  hea t  l e a k  f o r  a number of thermal ly  coupled d i s c s  
i n  i t  are shown below: 

Number of Discs Ra t io  of Heat Leaks 

0 1 .0  
1 0.243 
2 0.091 
3 0.043 

The r a t i o s  of t h e  hea t  l e a k s  are r e p r e s e n t a t i v e  of t h e  s p e c i f i c  
p ip ing  pene t r a t ion  des ign  used and t h e  v a l u e s  of ven t ing  rate, tube  s i z e ,  
t ube  w a l l  th ickness ,  e t c . ,  i n  t h e  p e n e t r a t i o n s .  The tubes  were chosen 
w i t h  a w a l l  t h i ckness  of 0 .01  inch  t h i c k  t i t an ium.  The i n d i v i d u a l  s h i e l d s  
are a t tached  t o  t h e  s t r u c t u r a l  suppor t  tube  of t h e  p ip ing  p e n e t r a t i o n  a t  
a po in t  where t h e  tube  temperature matches t h e  s h i e l d  temperature.  

3 .  S t r u c t u r a l  Support 

The s t r u c t u r a l  suppor t  f o r  t h e  v e s s e l  i s  shown schemat i ca l ly  i n  
F igure  IV-7.  
comb ma te r i a l  one inch  t h i c k ,  bonded wi th  0.025 inch  f a c e  s h e e t s .  
en t i r e  cone i s  bonded t o  a g i r t h  r i n g  around t h e  v e s s e l  and a g i r t h  r i n g  
on t h e  veh ic l e  shroud. 

The suppor t  is formed by a continuous cone of a mylar honey- 
The 

The s l a n t  he igh t  of t h i s  cone i s  4 f e e t .  

The support  has been designed t o  suppor t  t h e  i n n e r  hydrogen tank f o r  
a long i tud ina l  a c c e l e r a t i o n  i n  both d i r e c t i o n s  of 6-1/2 g and a t r a n s v e r s e  
a c c e l e r a t i o n  of 1-1/2 g ,  and t o  wi ths tand  both  t h e  t ens i l e  and t h e  buck- 
l i n g  loads  a s soc ia t ed  wi th  t h e s e  a c c e l e r a t i o n s .  



Liquid Withdrawal Tube 

Heliu m Line 

Ground Hold Vent 

Liquid Withdrawal Tube 
r 4  

Heat Station Vent Line J Ground Hold Vent 

FIGURE IV-6 HYDROGEN STORAGE TANK CONCEPT--PIPING 
P ENETR AT10 N DET A IL 

33 



Detail of 

Face 
Core i 

FIGURE IV-7 SUPPORT CONE DETAIL 

34 



t 

Since t h i s  support  pene t r a t e s  the m u l t i l a y e r  i n s u l a t i o n ,  i nd iv idua l  
s h i e l d s  must be a t t a c h e d  a t  loca t ions  on the cone where the temperature 
of the  s h i e l d s  matches the  temperature of the  support  cone. I n  t h i s  
manner i so thermal  s u r f a c e s  w i l l  be  preserved around the  v e s s e l  i n  the  
v i c i n i t y  of t h e  support  cone, and thermal I1 s h o r t - c i r c u i t "  w i l l  no t  r e s u l t .  

4. Outer Vessel Shroud 

The o u t e r  v e s s e l  shroud i s  made of 1/2-inch t h i c k  aluminum honeycomb 
w i t h  0.012 inch  f ace  s h e e t s  and designed t o  wi ths tand  a x i a l  a c c e l e r a t i o n s  
of 6-1/2 g i n  both d i r e c t i o n s  and t ransverse  a c c e l e r a t i o n s  of 1-1/2 g .  
There are two support  r i n g s  i n  the  c y l i n d r i c a l  s e c t i o n  of the  shroud, one 
a t  the p o i n t  where the v e s s e l  support  cone j o i n s  the  shroud and ano the r  
a t  the  upper end, where the top o f  the c y l i n d e r  j o i n s  the shroud. 
t i o n a l  support  r i n g s  and s t r u t s  may be  r equ i r ed  t o  c a r r y  t h e  loads  from 

Addi- 

a u x i l i a r y  control equipment mounted on t h e  top of t h e  vessel. 



V .  HEAT TRANSFER ANALYSES 

A. DESCRIPTION OF MATHEMATICAL MODEL 

The problems of  s t o r i n g  a cryogenic f l u i d  on the  moon have received 
a t t e n t i o n  i n  the  l i t e r a t u r e  (Dempster e t  a l ,  1962, Romero e t  a l ,  1956, 
and Buna, 1964). I n  a d d i t i o n ,  Arvesen and H a m a k e r  (1964) have presented 
c a l c u l a t i o n s  of t he  e f f e c t i v e n e s s  of  r a d i a t i o n  s h i e l d s  in  c o n t r o l l i n g  
the  temperatures  of veh ic l e s  on the  lunar  su r face .  Dempster (1962) has 
c a l c u l a t e d  the  h e a t  f l uxes  t o  in su la t ed  cryogenic s to rage  v e s s e l s  i n  both  
above- and below-ground-level conf igura t ions .  Buna (1964) has  developed 
a n a l y t i c a l  techniques f o r  p r e d i c t i n g  vapor iza t ion  r a t e s  of i n su la t ed  cryo-  
genic  s to rage  tanks above the  l u n a r  sur face .  

Even though the luna r  sur face  i s  known t o  conform t o  a photometric 
func t ion  which depa r t s  d r a s t i c a l l y  from Lambert 's cosine l a w ,  common t o  
a l l  of these  ana lyses  i s  the  assumption t h a t  the  luna r  su r face  r e f l e c t s  
s u n l i g h t  d i f f u s e l y  i n  accordance wi th  Lambert 's l a w .  Hapke (1963) has  
der ived  a photometric func t ion  which appears t o  conform c l o s e l y  wi th  ob- 
served photometric p r o p e r t i e s  of t he  luna r  su r face .  

One ob jec t ive  of the  p re sen t  a n a l y s i s  w a s  the  computation of the  h e a t  
leakage t o  a cryogenic  s to rage  vesse l  on the  luna r  su r face  f o r  photometric 
func t ions  conforming t o  Lambert 's law and Hapke's formula. The mathe- 
m a t i c a l  model used i n  the  hea t  leakage computations w a s  based on the  model 
cryogenic  vessel design discussed i n  Sec t ion  IV-D.  The c r i t i c a l  a s p e c t s  
of t he  des ign  w e r e  t r e a t e d  i n  s u f f i c i e n t  d e t a i l  t o  p e r m i t  r ea l i s t i c  hea t  
l e a k  computations. 

To c a r r y  out  p r e c i s e  computations of the h e a t  exchange wi th  a s to rage  
v e s s e l  on the  luna r  s u r f a c e  it would have been necessary t o  design the  
e n t i r e  vessel i n  d e t a i l :  inc luding ,  f o r  example, the  s t r u c t u r a l  suppor ts  , 
t h e  i n t e r n a l  e l e c t r o n i c s  and con t ro l  conf igu ra t ion ,  and the  va r ious  s t r u t s  
and suppor t  r i n g s .  

A complete s t r u c t u r a l  and system a n a l y s i s  w a s  ou t s ide  the scope of 
t h i s  program; t h e r e f o r e ,  s eve ra l  i d e a l i z a t i o n s  had t o  be made t o  c r e a t e  
a s i m p l i f i e d  mathematical  model which could be used t o  eva lua te  the  hea t  
leakage t o  the cryogenic  f l u i d  f o r  var ious characteristics of the  luna r  
s u r f a c e .  

The external geometry of t he  s impl i f ied  v e s s e l  model i s  shown i n  
F igure  V - 1 .  The o u t e r  sur face  is a r i g h t  c i r c u l a r  c y l i n d e r  wi th  a rad ius  
of  236 cent imeters  and a he ight  of 732 cent imeters .  The c y l i n d r i c a l  
v e s s e l  i s  assumed t o  be loca ted  137 cent imeters  above the lunar  su r face .  

To  compute the h e a t  f lux  inc ident  on va r ious  zones of the ou te r  s u r -  
f a c e ,  i t  i s  subdivided i n t o  30 zones: 6 on the  bottom, 6 on the  top ,  and 
18 on t h e  s i d e .  The c y l i n d r i c a l  surface i s  d iv ided  i n t o  th ree  bands of 
equa l  he ight  . 
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FIGURE V-1 ZONAL SUBDlVlS K)NS OF MODEL CRYOGENIC 
STORAGE VESSEL 
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The inne r  vessel con ta ins  the  l i q u i d  hydrogen and i s  separa ted  from 
the  o u t e r  s k i n  by m u l t i l a y e r  i n su la t ion .  Included i n  the  c a l c u l a t i o n s  
are t h e  hea t  l e a k  through the  i n s u l a t i o n  and the  conductive h e a t  l eaks  
t o  t h e  inner  vessel from t h e  o u t e r  shroud. The conductive terms rep re -  
s e n t  t h e  c o n t r i b u t i o n  of  suppor ts  and p ip ing  pene t r a t ions  t o  the  t o t a l  
heat ' t r ans fe r  t o  the  inne r  vessel. 

In  the computation of t h e  temperatures of t he  e x t e r n a l  su r f ace ,  the 
e f f e c t s  of t he  l e g s  that would support  a n  a c t u a l  v e s s e l  were neglec ted .  
The ve ry  low thermal d i f f u s i v i t y  of  the l u n a r  su r face  would cause the 
support  l e g s  t o  have a temperature d i s t r i b u t i o n  r e s u l t i n g  from the  r a d i -  
a t i o n  interchange wi th  t h e  luna r  environment. 
of the  support  l e g s  could be such t h a t  t h e i r  e f f e c t s  on the temperature of 
t h e  external su r face  would be very  small compared t o  t h e  e f f e c t s  of o t h e r  
hea t  i npu t s .  

The design and the  materials 

To c a l c u l a t e  the  b o i l - o f f  ra te  of the  l i q u i d  hydrogen i n  the s to rage  
v e s s e l ,  2440 kilograms of f l u i d  were assumed t o  be s to red  a t  20.4OK a t  
1 atmosphere p re s su re .  

This  mass (as discussed i n  Sec t ion  IV-D) could be s t o r e d  i n  a 
s p h e r i c a l  v e s s e l  of 426.7 c m  diameter w i th  a 10% u l l a g e  volume and 
w i t h  a sphere of 152.4 cm diameter  i n s ide  the  v e s s e l  t o  s t o r e  gaseous 
helium f o r  p r e s s u r i z a t i o n .  

B. ASSUMPTIONS 

1. Lunar Environment 

a .  The s to rage  v e s s e l  i s  located on the su r face  of the moon 
i n  the  e c l i p t i c  plane and the  temperature of the lunar  su r face  i s :  

T -  m - Tmin 

< < 
0' = e l  = 180' 

180' < e l  < 360' 

where 

0 = l una r  s u r f a c e  temperature ( K) Tm 

= temperature of the sur face  dur ing  the lunar  n igh t  Tmin 

= subso la r  temperature Ts s 

e l  = sun e l e v a t i o n  angle  
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The subsolar  temperature i s  389OK (Arvenson and Hamaker, 1964) and 
the  va lues  of  T a t  var ious  t i m e s  are 122,100°K and 80°K. min 

b. The i n t e n s i t 3  of the d i r e c t  s o l a r  r a d i a t i o n  a t  the lunar  
s u r f a c e  i s  0.14 watts/cm . 

c .  The i n f r a r e d  emi t tance  of  the  lunar  s u r f a c e  i s  un i ty .  

d .  When the  lunar  su r face  i s  assumed t o  obey Lambert 's  law, 
i t s  r e f l ec t ance  f o r  s o l a r  r a d i a t i o n  i s  taken t o  be 0.07.  When the 
lunar  sur face  i s  assumed t o  obey Hapke's photometr ic  func t ion ,  the  
p a r t i c l e  r e f l e c t i v i t y  i s  taken t o  be 0 .16;  i n  t h i s  ca se ,  the  compaction 
parameter i s  taken t o  be 0 . 6 .  The r e l a t i o n s h i p  between the ind iv idua l  
p a r t i c l e  r e f l e c t i v i t y  and the e f f e c t i v e  hemispherical  r e f l e c t a n c e  of  
a su r face  which obeys Hapke's l a w  has no t  been e s t a b l i s h e d .  
mentioned above r ep resen t  our b e s t  e s t ima tes  of lunar  s u r f a c e  cond i t ions  

The va lues  

e .  The lunar  per iod  i s  27.32 days.  

f .  The temperature of the shadowed reg ion  of the lunar  su r face  
i s  122OK. 

2 .  Externa l  Vessel Surface and Shroud 

a, The s o l a r  absorptance and i n f r a r e d  emi t tance  of the e x t e r n a l  
s u r f a c e  i s  s p a t i a l l y  uniform and independent of temperature .  I n  the  
c a l c u l a t i o n s  o f  h e a t  leakage ra tes ,  the s o l a r  absorptance-to-emittance 
r a t i o  i s  0 . 2 ,  0 .5 ,  o r  1 .0 .  

b. The shroud i s  non-conducting and i t s  thermal mass i s  
n e g l i g i b l e  (see Appendix A ) .  

c .  Radia t ion  emi t ted  o r  r e f l e c t e d  from the  e x t e r n a l  shroud 
does not  r e t u r n  t o  the su r face  of  the  shroud. 

d .  The e x t e r n a l  shroud i s  conduct ive ly  de-coupled from the 
luna r  su r face .  

e .  Each of the  t h i r t y  zones of the  mathematical  model of the  
e x t e r n a l  shroud is  isothermal .  

3 .  I n s u l a t i o n  

a .  The i n s u l a t i o n  e f f e c t i v e n e s s  i s  c h a r a c t e r i z e d  by a r a d i a t i v e  
s h i e l d i n g  f a c t o r  (see Appendix B ) ,  def ined  by the express ion:  

2n p = -  
E 
S 

where n = number of  s h i e l d s  making up the m u l t i l a y e r  i n s u l a t i o n ,  

= emit tance o f  t he  s h i e l d s .  
€S 
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b. The h e a t  flow through the s h i e l d s  i s  one-dimensional and 
the  thermal mass of the  i n s u l a t i o n  i s  n e g l i g i b l e .  

c. I n  h e a t  leakage ca l cu la t ions  t o  determine the  in f luence  of 
t he  s h i e l d i n g  f a c t o r  on the  h e a t  leak t o  the  inner  v e s s e l ,  t he  s h i e l d -  
i ng  f a c t o r  i s  5000, 10,000 o r  20,000. (See Appendix B f o r  a d i scuss ion  
of the r e l a t i o n s h i p  between the  number of s h i e l d s ,  t h e i r  emit tance and 
the  s h i e l d i n g  f a c t o r .  

4. Cryogen P r o p e r t i e s  

a.  The i n n e r ,  i n su la t ed  vesse l  conta ins  l i q u i d  hydrogen a t  a 
p re s su re  of one atmosphere. 

0 
b. The temperature of the  hydrogen i s  20.4 K ;  the  h e a t  of  

vapor i za t ion  i s  107.21 c a l / g  (193 Btu/lb).  

c. I n  c a l c u l a t i n g  the  bo i l -o f f  r a t e  of l i q u i d  hydrogen, the 
vaporized f r a c t i o n  is  vented d i r e c t l y  t o  the  lunar  environment. 

d.  None of the h e a t  leakage raises the  s e n s i b l e  en tha lpy  of 
t he  ven t ing  gas .  

5. S t r u c t u r a l  Pene t r a t ions  - 
a.  The e x t e r n a l  shroud i s  conductively coupled t o  the inner  

s t o r a g e  v e s s e l  by twelve pene t r a t ions .  S i x  p e n e t r a t i o n s ,  each having 
a conductance of 0.103 x w a t t s / O K ,  couple the  s i x  zones on the  
top  of  the  e x t e r n a l  shroud t o  the inner v e s s e l .  S i x  o t h e r  pene t r a t ions ,  
each having a conductance of 0.427 x w a t t s / ' K ,  couple the s i x  
middle zones of the c y l i n d r i c a l  po r t ion  of the shroud t o  the inner  
v e s s e l .  The t o t a l  p e n e t r a t i o n  conductance was va r i ed  i n  the computer 
c a l c u l a t i o n s  of h e a t  leakage. The inf luence of a v a r i a t i o n  i n  the  
p e n e t r a t i o n  conductance on the  h e a t  leakage i s  d iscussed  i n  Sec t ion  V I I .  

C. CALCULATION OF INCIDENT HEAT FLUXES 

W e  s e l e c t e d  the  fol lowing numerical method f o r  c a l c u l a t i n g  the  
r a d i a t i v e  h e a t  f l u x e s  i n c i d e n t  upon a c y l i n d r i c a l  v e s s e l  supported 
above t h e  lunar  su r face .  

I d e a l l y ,  i t  would be d e s i r a b l e  to select  a well-mapped reg ion  of 
t h e  moon and base a c a l c u l a t i o n  on the a c t u a l  contours  of t h i s  l o c a l i t y ;  
however, such a procedure would be complex and beyond the  scope of 
t h i s  program. Therefore ,  on a gross scale ,  the reg ion  around the cry-  
ogenic  s to rage  v e s s e l  ( i . e . ,  ou t  to  the  horizon) i s  considered t o  be 
smooth; on a microscope scale ,  t he  lunar su r face  i s  considered t o  re- 
f l e c t  s u n l i g h t  according t o  e i t h e r  Hapke's photometric func t ion  
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(Hapke, 1963) o r  Lambert 's  law. 
tance of  the su r face  i n  the i n f r a r e d  (see Sec t ion  C - 2 - c ) ,  w e  assume 
t h a t  the  sur face  of the  moon emits  according t o  Lambert 's  l a w  w i th  an 
emi t tance  of one (any su r face  wi th  u n i t  emit tance must obey Lambert 's  
law).  
obeys Lambert 's law i n  emission and absorp t ion .  This  assumption should 
remain va l id  even i f  the su r face  of the cy l inde r  is  transformed t o  a 
cond i t ion  resembling the su r face  of the moon ( e .g . ,  by depos i t i on  of 
lunar  p a r t i c u l a t e  m a t e r i a l s ) ,  s ince  the i n f r a r e d  emi t tance  of  e i t h e r  
type of surface i s  h igh .  

Since l i t t l e  i s  known about  the e m i t -  

We a l s o  assume t h a t  the su r face  of t he  c y l i n d r i c a l  v e s s e l  

The presence of the  v e s s e l  w i l l  no t  a l t e r  the su r face  temperature 
of the moon except  f o r  p a r t  of the su r face  which i s  i n  the  shadow cast  
by the ves se l .  The temperature i n  the shadow w i l l  be very low because 
of the poor conduct iv i ty  of the su r face  l aye r  on the  moon. 

The t r a n s i t i o n  reg ion ,  i n  which a temperature g rad ien t  e x i s t s  
around the edge of the shadow, i s  very narrow, as i s  the  reg ion  of the  
penumbra; t he re fo re ,  the t r a n s i t i o n  i s  assumed t o  be p e r f e c t l y  sharp .  
The shape of the shadow i s  a c t u a l l y  a r ec t ang le  wi th  semic i r cu la r  caps 
a t  the t w o  oppos i te  ends (see F igure  V - 1 ) .  To s impl i fy  the c a l c u l a -  
t i o n  of the view f a c t o r s  between zones on the  v e h i c l e  and the shadow, 
w e  replace the a c t u a l  shadow with a r ec t ang le  of equal  a r e a .  

The bas ic  express ion  t o  eva lua te  is 

2 where A1 = an  area ( e x t e r i o r  zone) ( i n  cm ) on the  vessel, 

2 A2 = a n  area ( i n  cm ) on the  moon, 

q = the  hea t  f l u x  ( i n  w a t t s )  l e av ing  A t h a t  f a l l s  on area A1, 
2 

2 

2 

dA1 = a n  element ( i n  cm ) of A 1 ,  

2'  
dA2 = an  element ( i n  cm ) of  A 

s = the  v e c t o r  ( i n  cm) from dA t o  dA1, 

the  r a d i a t i o n  flux per  u n i t  s o l i d  ang le  ( i n  w a t t s  cm 
steradian- ' )  l eav ing  dA and 

the angle  between the  outward normal of dA1 and the  l i n e  
jo in ing  dA1 and dA2. 

2 
-2 - -  dl - 

dw 
2'  

fl = 
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The r a d i a t i o n  reaching the  v e s s e l  from t he  luna r  su r face  may be d iv ided  
according t o  wavelength range i n t o  three  components: 

(1) Ref lec ted  Sunl ipht .  I n  t h i s  ca se ,  Hapke (1963) states 

( s i n a  + (n-a) cosa) B (a ,g)  (V-2)  
2b10 COS cos6 - d I  

dw 
- - -  

2 COS€ + cos@ 
3r( 

where Io '= i n t e n s i t y  of sun 's  r a d i a t i o n  ( i n  wat t s  cm-2) i n  the  
v i c i n i t y  of the  moon, 

b = r e f l e c t i v i t y  of a p a r t i c l e  on the moon's su r f ace ,  

E = angle  between the outward noma1  a t  dA2 and the  vec to r  
between d4 and dA1 (s), 2 

@ = angle  of incidence of t he  s u n l i g h t  wi th  r e spec t  t o  the  
normal a t  dA2, 

a = angle  between the  d i r e c t i o n  of t he  sun's rays  and the  
v e c t o r  between &A1 and dA2 ( - s ) ,  and 

g = a number c a l l e d  the "compaction parameter". 

The func t ion  B i s  given by the  r e l a t i o n  

For b r e v i t y ,  we may w r i t e  

d I  - = Io b h ( a , @ , ~ )  dw 

where h = - 'Os@ ( s i m  + (ne)  c o s >  B (a,g) 2 cos€+cosg 3fl 
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(2) In f r a red  Radia t ion  Emitted by the  Lunar Surface .  I n  t h i s  case  

w e  u s e  Lambert’s law and 

4 aTm COSE - d= = (J 
dw 7I 

(V - 4)  

‘3 

where Tm i s  the temperature of the moon’s su r face  i n  K. 

(3) Radiat ion from the Shadow of the Vessel .  This r a d i a t i o n  obeys 

used f o r  the s u n l i t  a r e a .  
the  same l a w  given i n  Equation (V-4), al though a much lower tempera- 
t u r e ,  T s ,  must be s u b s t i t u t e d  f o r  the va lue  T m 

I n  genera l ,  the  i n t e g r a t i o n  of Equation (V-1)  has t o  be c a r r i e d  out  
To do t h i s  we rep lace  the  i n t e g r a l s  by sums and the  i n f i n -  numerically.  

itesimal elements of  area dA1 and dA 
and sum over both a reas  A 

by f i n i t e  elements @A and @A2 
2 li and A 2 .  The three  i n t e g r a l s  of  I n t e r e s t  

1 

2 j  
A Ali  A A COSE cos6 = a T 4 c c  

‘e m i j n1sl2 

L A  aT 4 C O S E  cosd 
A A l i  2 j  

= 
2 

i j ~ I s I  qS S 

= r e f l e c t e d  r a d i a t i o n  ( i n  w a t t s ) ,  

= r a d i a t i o n  emi t ted  by the  s u n l i t  area ( i n  wat t s ) ,  and 

qr 

‘e 

qs = r a d i a t i o n  emi t ted  by the  shadow area ( i n  watts) .  

where 

The q u a n t i t i e s  t h a t  have been f ac to red  out  of the summations i n  
Equations (V-5 through V-7) a r e  parameters ,  so i t  i s  convenient  t o  
c a l c u l a t e  the sums without  these  f a c t o r s .  These sums are view a r e a s  
and w i l l  be r e f e r r e d  t o  as G G and G , r e s p e c t i v e l y .  Here r y  em’ e w e  def ine  a view a r e a  t o  be a view f a c t o r  times the appropr i a t e  su r face  
a rea .  
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' .  
I 

. 
The a r e a  of the  moon v i s i b l e  t o  an element of  area on t h e  s i d e  of 

the  c y l i n d r i c a l  body of the  v e h i c l e  is  a s e m i c i r c l e ,  bounded by the t a n -  
gent  t o  the c y l i n d e r  and t h e  horizon. 
t i o n ,  t h i s  area of the moon is subdivided i n t o  a number of  s e c t o r s  and 
f u r t h e r  subdivided i n  r ad ius  t o  produce a p a t t e r n  such as t h a t  shown i n  
Figure V-2, f o r  example. The p a r t i c u l a r  l o c a t i o n  of A A l i  determines 
the  p o s i t i o n  of the  mesh i n t o  which the moon's s u r f a c e  i s  subdivided.  
It is ev iden t  that the  areas A A 2 j  increase  wi th  the  square of t h e i r  
d i s t a n c e  from the  c e n t e r .  This  is appropr ia te  because t h e s e  a r e a s  w i l l  
be d iv ided  by I SI 2 ,  t h e  d i s t a n c e  between the  c e n t e r s  of t h e  elements  of 
area, and thus  t h e  c o n t r i b u t i o n  of each element t o  t h e  view area w i l l  
be approximately the same, except  for t h e  inf luence  of t h e  photometric 
func t ion .  To perform a simple e r r o r  a n a l y s i s  f o r  the  i n t e g r a t i o n  over 
the  su r face  of the  moon, we l e t  the photometric func t ion  be u n i t y  and 
r ep lace  Is12 wi th  r 2 ,  where r i s  t h e  d i s t ance  from the  c e n t e r  of t h e  mesh 
on the lunar  su r face .  We f ind  

For purposes of numerical  i n t e g r a -  

where A 8 = 8j+l - 8. (a cons t an t  i n  our method of subd iv i s ion )  
J 

Ar = r  - r  
j j+l j 

The i n t e g r a l  i n  Equat ion (V-8) w i l l  be replaced by the  q u a n t i t y  

2 j '  
where r is  the mean r ad ius  of the  element A A  m 

W e  f i nd  t h a t  

(v -10) 
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FIGURE V-2 SUBDIVISION OF THE SURFACE OF THE MOON 
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To est,.nate the  e r r o r ,  we expand the  r ight-hand s i d e s  of Equations 

We f ind  the  e r r o r ,  q, t o  be given by the  
(V-8) and (V-10) i n t o  power s e r i e s ,  s u b t r a c t ,  and s e l e c t  the f i r s t  term 
that i s  d i f f e r e n t  from zero.  
express ion  

3 

(v-11) 

Therefore ,  t o  keep the  e r r o r  cont r ibu t ion  from each element approximately 
the  same, t he  q u a n t i t y  

should be he ld  cons tan t .  The value of t h i s  cons tan t  i s  determined i n  
such a way that the  elements A A z j  are I t  square" i n  the  sense that 

n r  = r  n e  (v -1 2) 
j m  

It follows from Equation (V-12) that 

2 + n e  i+l= 
r 2 4 8  
j 

r 
(V-13) 

I n  the  example shown i n  Figure V-2, A 8 = ' and the  corresponding r a t i o  
r /r i s  about 1 .5 .  Then i f ,  f o r  example, t he  r ad ius  of the  innermost 

8 
j+l j 

a r c  is 1 m e t e r ,  and the element on the c y l i n d e r  i s  10 meters high (which 
implies  that the  horizon is  a t  a rad ius  of about 6000 me te r s ) ,  about 22 
increments of r a d i u s  w i l l  be used. Thus 1 7 6  subdiv is ions  of the  v i s i b l e  
area of  the  moon would be requi red  i n  t h i s  ca se ,  which would r e s u l t  i n  
a n  e r r o r  of  about 1% with  respec t  t o  the i n t e g r a t i o n  over t he  lunar  su r face .  

I n  case the area A1 i s  not  on the s i d e  of t he  v e s s e l  but  i s  on t h e  
bottom, a similar subdiv is ion  system is employed f o r  t he  sur face  of the  
moon. The only d i f f e rence  i s  that the area of the  moon viewed from t h e  
unders ide  of the  v e s s e l  i s  a f u l l  c i r c l e  i n s t e a d  of a semic i rc le .  
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To def ine  v e c t o r  s i t  i s  necessary t o  p ick  d e f i n i t e  "center"  p o i n t s  
on the  f i n i t e  elements of  area A A l i  and A A 2  .. 
t o  l i e  midway between t h e  boundaries of t he  ejements ,  so t h a t  on the  
element AA2j  the  mean angle  and rad ius  i s  used. 
(x2, y2, z2) be the coord ina tes  of t he  c e n t e r s  of t h e  elements A A l i  and 
A A q ,  r e spec t ive ly ,  and l e t  r , $m be the  p o l a r  coord ina tes  of (x2, y ) 
r e f e r r e d  t o  the po la r  system o? coord ina tes  wi th  o r i g i n  a t  (xl yl) .  $hen 
it can  be shown t h a t  

These p o i n t s  are picked 

L e t  (XI, y1, z 1 )  and 

x2 = x1 + rm (V -14) 

wh 1 re r =Jx12 + y1 2 . \ 

The v a r i a t i o n  of z 2  with  x2 and y i s  s m a l l  and is given by 2 

(V -15) 

(V-16) 

where R = rad ius  ( i n  cm) of the  moon. 

Equation (V-16) i s  a n  approximation based on the  f a c t  t h a t  t h e  d i a -  
meter of the moon is extremely l a r g e  i n  comparison w i t h  the  s i z e  of any 
v e s s e l .  

It  i s  not convenient t o  a t tempt  t o  desc r ibe  the  r ec t angu la r  shadow 
i n  the  polar  coordinate  system shown i n  Figure V-2. 
l a t i o n  of the view areas Gr and G 
by f i r s t  in t eg ra t ing  over the  e n t i r e  v i s i b l e  area of t h e  moon and then 
sub t r ac t ing  the c o n t r i b u t i o n  of t he  shadow. 

Therefore ,  the  c a l c u -  
( f o r  r e f l e c t i o n  and emission)  i s  made e 

The v e s s e l ' s  shadow, approximated by a r e c t a n g l e ,  and the  method of 
To m a k e  the  shadow have i t s  subdivis ion are i l l u s t r a t e d  i n  Figure V - 3 .  

the  proper  a r e a ,  the lengths  g1 and g2 are chosen t o  be 

48 
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Y 

FIGURE V-3 SUBDIVISION OF RECTANGULAR SHADOW 
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(V-18)  

where r = r ad ius  ( i n  cm) of c y l i n d e r ,  
C 

Bs = e l e v a t i o n  angle  of sun ,  

hl = height  ( i n  cm) of bottom of c y l i n d e r ,  and 

h2 = height  ( i n  cm) of top of c y l i n d e r .  

The width of the shadow i s  2rc .  

of t he  shadow, it is  convenient t o  introduce f i r s t  the coord ina te  sysgem 
(v ,  w) as shown i n  F igure  V - 3 .  

To f ind  the  coord ina tes  (x2, y2) of  t he  c e n t e r  of an element A A2. 

The o r i g i n  of t h i s  system i s  a t  

x = r s inas  - R 2  COSU (V -19) 
C S 

y = -r cosa  - c 2  s i n 2  (v -20) 
C X S 

where Q = azimuth angle  of t he  sun. Thus, i f  t he  coord ina tes  of t he  
c e n t e r  of an element are (vm, wm) i n  the  (v ,  w) system, the  coord ina te s  
i n  the (x, y) system are given by 

S 

(V -21) 
s - E2 cosQ S 

x = v  coszs - w sinu: + r s i ra  
2 m  S C 

y2 = v s inas  + w cos0  - r cosa - t 2  s inus  (V -22) m m S C S 

The coordinate  z i s  given a g a i n  by Equation (V-16). 2 

I n  Figure V-4 are shown the  ang le s ,  a ,  B ,  E, and $ a long  wi th  the  
outward u n i t  normal v e c t o r ,  3, t o  the  s u r f a c e  of the  moon, the  outward 
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Line to Sun 

Point on Vessel / 

Point on Lunar Surface' 

FIGURE V-4 GEOMETRICAL RELATIONSHIP OF THE SUN. 
A POINT ON THE E S S E 4  AND A POINT ON 
THE WNAR SURFACE 
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u n i t  normal v e c t o r ,  5 ,  t o  t he  su r face  of the  ves se l  and the  u n i t  v e c t o r ,  
u ,  d i r ec t ed  from the po in t  on the  moon towards t h e  sun. 
these  vec to r s )  

* I n  terms of 

where 

and the  vec tor  
i s  on the s i d e  

On the  bottom 

CI 
U'  s cosa  = - 
'SI 

A 

n. s c o s t  = - - 
1st 

(V-23) 

(V -24) 

(V-25) 

s = (XI - X 2 '  Y1 - Y 2 '  z1 - z2) (V -26) 

(V-27) A u = cosg sinas cosg s i n p  ) 
S) S' S 

n" may have one of two v a l u e s ,  depending on whether A A l i  
o r  the bottom of the  v e s s e l .  On the  s i d e  

,A 
n = (0 ,  0 ,  -1) 

To a s u f f i c i e n t  degree of approximation we may take 

(V -28a) 

(V -28b) 

(V -29) 

s ince  the vec to r  $ i s  everywhere d i r e c t e d  very  n e a r l y  paral le l  t o  the 
z -ax is .  To the same degree of approximation w e  f i n d  

(V - 30) 2 z + z  1 
C O S E  = 

1.1 

I n  connection with Equation (V-30)) no te  t h a t  the  hor izon  occurs  a t  a 
d i  s tance 

H = ,/2Rzl 
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so t h a t  both terms i n  the numerator of 22'  and a t  t h i s  d i s t a n c e  z1 = - 
Equat ion (V-30) must be r e t a ined  i n  s p i t e  of t he  s m a l l  cu rva tu re  o f  the 
l u n a r  s u r f a c e ,  which may be neglected elsewhere i n  the  problem. 

The numerical  methods descr ibed  above w e r e  employed t o  c a l c u l a t e  
hea t  f l u x e s  from t h e  luna r  sur face  and inc iden t  on the  su r face  of t he  
c y l i n d r i c a l  v e s s e l .  These formulas were incorporated i n t o  a computer 
program t o  c a l c u l a t e  t h e  f l u x e s  i n  s p e c i f i c  i n s t ances .  

D. THE RESPONSE OF THE LUNAR SURFACE TO SHADaWS FROM A NEARBY OBJECT 

To eva lua te  t h e  heat f luxes  inc ident  upon a n  o b j e c t  which i s  r e s t i n g  
on the  luna r  su r face  i n  s u n l i g h t ,  i t  is  necessary  t o  determine the amount 
of h e a t  which comes from the  luna r  sur face .  
r e s t i n g  on the  luna r  su r face  w i l l  cause a p a r t  of the  su r face  very  nea r  
the o b j e c t  t o  be shadowed (see Figure V-5). The temperature d i s t r i b u t i o n  
i n  the shadow is  der ived  below. 

The presence of  a n  o b j e c t  

Consider t he  moon t o  be a semi - in f in i t e  s o l i d  bounded by t h e  x-y 
plane and assume the  s o l i d  t o  be homogeneous and t o  have a conduct iv i ty  
K and a b lack  su r face .  Furthermore,  l e t  the  inc iden t  i l l umina t ion  be S, 
w h e r e  

I 

(V-31) 

Thus, t h e  shadow w i l l  be a n  i n f i n i t e  s t r i p  of width 2R a long  t h e  y-ax is .  

The temperature i n  the medium, T ,  i s  determined by 

(V -32) 

w i t h  the boundary condi t ions  

(v -33) a T  4 K - = a T  - $  f o r z = O  a z  

T = T  < a ,  f o r z = c n  (V - 34) 
0 

A s  they  are wr i t ten ,  Equations (V-32) through (V-34) are completely i n -  
t r a c t a b l e  because of t h e  non l inea r i ty  o f  the  boundary cond i t ion  (V -33) . 
To o b t a ' n  approximate r e s u l t s ,  we w i l l  w r i t e  the equat ions  in  terms of 
u = a T and drop nonl inear  terms. We f i n d  4 
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FIGURE V-5 FORMATION OF SHADOWS ON THE LUNAR SURFACE 
BY A VESSEL 
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2 2 
a u  b.l-o 

ax2 a z  
+ - -  - 

2 (V - 35) 

K a u  - - _  - u - S  f o r z = O  
4a03 a z  

u = u  < m f o r z = m  
0 

(V -36) 

(v-37) 

Here w e  have a r b i t r a r i l y  l i n e a r i z e d  about T 
0' 

We now employ F o u r i e r  t ransforms t o  o b t a i n  a more u s e f u l  express ion  
f o r  S. We f i n d  

Y P  

dk) 
sinkll coskx 

k s = s  0 (1-2 7-c / 
W e  may a l s o  w r i t e  

-kz $(k)coskxe dk + uo 

J 
0 

(V -38) 

(V-39) 

where $(k) i s  t o  be determined by the boundary condi t ion  (V-36) and 
uo = fl 4 .  As def ined  by Equation (V-39), the  func t ion  u s a t i s f i e s  t he  
d i f f e r e g t i a l  equat ion  (V-35) and meets the  boundary cond i t ion  (V-37) a t  
z = (D. 
Equat ion (V-36) t o  o b t a i n  

To f ind  @(k) e x p l i c i t l y ,  we s u b s t i t u t e  Equation (V-39) i n t o  

dk s inkk coskx 
d k (V -40) 

I f  we  l e t  uo = S 
s a t i s f i e d  f o r  a l?  va lues  of x ,  we f ind  t h a t  

and m a k e  use  of the f a c t  t h a t  Equation (V-40) must be 
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0 

(V -41) 

Equation (V-41) may now be s u b s t i t u t e d  i n t o  Equation (V-39) t o  g ive  the  
formal s o l u t i o n  

(V -4 2) 

We are only concerned here  wi th  t h e  su r face  temperature ,  T,, which we 
may f ind  from Equation (V-42) by s e t t i n g  z = 0. We o b t a i n  

00 
r r \ 

sinks coskxd  I 
S 0 k , l + -  K - k  )dkJ 

3 
4UT0 0 

(V -4 3)  

(V -44) 
4 where u = U T  

S s 

The i n t e g r a l  appearing i n  Equation (V-43) can be eva lua ted  i n  terms of 
the  s i n e  and cos ine  i n t e g r a l  func t ions .  We f i n d  

where 

3 
4 f l  ( a  - x) 

0 

K 

4flO3 ( a +  x) 

5 2  = K 
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(V -48) 

For  ou r  purposes a reasonable  approximation t o  f (6)  may be used t o  advan- 
tage.  It may be shown t h a t  

Thus w e  f i n d  

1 

1 ,  O h X C R  I 
1 

R-x 2 + -  
u = u  { l +  
S 0 2 + -  

h h '  

'i 1 
u = u  1 -  + RSx , x Z R  

x-9, 2 + - 
h '  { 2 + -  

S 0 

h 

where h i s  a c h a r a c t e r i s t i c  l eng th  given by t h e  express ion  

(v -49) 

(V -50a) 

(V -50b) 

K 
3 h =  

4n aTo 
(V -5 1) 

We may take the  fol lowing values  as r ep resen ta t ive  of  what may be ex-  
pected on the  luna r  su r face  

-1 -1 K = w a t t s  c m  (deg K) ( for  v e s i c u l a r  materials, such as pumice 
in  a vacuum) 

To = 350°K 

Using t h e s e  v a l u e s ,  we f i n d  

h = 0 . 3  c m .  

If w e  t ake  the  width of t he  shadow t o  be 200 cm, the  las t  terms i n  
Equat ions (V-50a) and (V-Sob) are completely n e g l i g i b l e  and we f i n d  t h a t  
the  wid th  of the reg ion  about the  edge of t he  shadow i n  which any appre-  
c i a b l e  temperature g rad ien t  e x i s t s  must a t  most be of the  o r d e r  of 2 
cen t ime te r s .  Should the  luna r  sur face  be covered wi th  a dus t  l a y e r ,  the 
c o n d u c t i v i t y ,  K ,  and hence the  c h a r a c t e r i s t i c  l eng th ,  h, w i l l  be two 
o r d e r s  of magnitude smaller. 
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We conclude, t he re fo re  , t h a t  i n  c a l c u l a t i n g  the  hea t  f l u  inc iden t  
upon a s torage  vesse l  which casts a shadow on the luna r  s u r f a c e ,  w e  can 
s a f e l y  ignore the reg ion  about the edge of  the shadow i n  which a tempera- 
t u r e  g rad ien t  ex is t s .  
shadow a r e a s  and a s i n g l e  temperature can be ass igned  t o  the  s u n l i t  
areas f o r  purposes o f  hea t  f l u  c a l c u l a t i o n s ,  

Thus, a s i n g l e  temperature can be ass igned  t o  the 

We may next  estimate the  time the  luna r  su r face  t akes  t o  cool  o f f  
a f t e r  the  objec t  c a s t i n g  the  shadow i s  emplaced. I f  we assume Newton's 
law of cool ing  t o  p r e v a i l ,  which amounts t o  l i n e a r i z i n g  the  r a d i a t i o n  
boundary condi t ion ,  we  f i n d  (Carslaw and Jaege r ,  1959) t h a t  

0 where T = temperature ( i n  K) o f  su r f ace ,  
0 To = i n i t i a l  temperature ( i n  K ) ,  

-1 0 -1 K = thermal conduct iv i ty  ( i n  watts c m  ( K) ) ,  

h = heat  t r a n s f e r  c o e f f i c i e n t  ( i n  w a t t s  cm ( K) ) ,  

K = thermal d i f f u s i v i t y  ( i n  cm2 sec-I), and 

t = t i m e  ( i n  s e c ) .  

-2 0 -1 

Equation (V-52) may be solved f o r  the  t i m e  t t o  y i e l d  

where the thermal parameter y i s  given by 

Y 
-3 p = d e n s i t y  ( i n  gm cm ) ,  

C = heat capac i ty  ( i n  j o u l e s  gm ( K) ) .  -1 0 -1 

We may take 

T = 370°K 

T = 200°K 

0 

-1 2 1/2 OK y = 250 j o u l e s  c m  sec 

h = 4aT3 = 1.8 x l ow4  w a t t s  c m  - 2  0 -1 
( K) 
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and we f i n d  t = 540 sec. 

This is a maximum estimate of the t i m e  requi red  f o r  t h e  r a d i a t i o n  
emi t t ed  i n  the  shadowed area t o  f a l l  t o  one-tenth of i t s  i n i t i a l  va lue .  
W e  may conclude,  t h e r e f o r e ,  t h a t  the  shadowed area w i l l  coo l  down t o  a 
low temperature immediately a f t e r  the shadow f a l l s .  The temperature of 
t he  shadow thus  need no t  be considered t o  be time dependent. 

E .  HEAT FLU4 EQUATIONS 

Using the  methods previous ly  descr ibed i n  Sec t ion  V - 3 ,  we c a l c u l a t e d  
the  hea t  leakage t o  the  inner  insu la ted  cryogenic s to rage  v e s s e l  r e s u l t -  
ing from the hea t  f lux  inc iden t  on the e x t e r n a l  shroud. Assuming t h a t  
the  shroud w a s  a d i a b a t i c  i n  t h a t  no h e a t  f l u x  due t o  azimuthal conductance 
o r  conductance normal t o  the shroud was assumed to  e x i s t  and had a neg- 
l i g i b l e  thermal mass (see Appendixes A and C ) ,  we ca l cu la t ed  the s teady  
s t a t e  temperatures of each zone of t h e  e x t e r n a l  shroud. 

The temperature of each zone (assumed t o  be isothermal)  was ca lcu-  
l a t e d  from the h e a t  balance equat ion:  

s u r  face  moon shadow sun albedo 

dl: + E G oTms 4 + asIoGs + asqr s e s  
E A 5T4 - 

s z  - ‘sGem m (V -54)  

= heat  f l ux  ( i n  w a t t s )  due t o  r e f l e c t i o n ,  
which is c a l c u l a t e d  according t o  the  equat ions:  

b I  G ( f o r  a Hapke r e f l e c t o r )  and 

( fo r  a Lambert r e f l e c t o r ) ,  

q r  where 

o r  

. aloGem 

a = s o l a r  absorptance of  the s k i n  of the v e s s e l ,  

E - = i n f r a r e d  emit tance of the  s k i n  of the  v e s s e l ,  

S 

S 

T = mean temperature of a zone, 

0 T = temperature ( i n  K) of the s u n l i t  l una r  su r face ,  m 
0 T = temperature ( i n  K) of the shadow on the  lunar  s u r f a c e ,  ms 

2 0 4  u = Stefan-Boltzmann cons tan t  = 5.6686 x watts/cm ( K) , 
2 = i n t e n s i t y  of  s o l a r  r ad ia t ion  - 0.14 w a t t s / c m  , 

IO 

a = l una r  su r face  albedo f r a c t i o n ,  

b = p a r t i c l e  r e f l e c t i v i t y  of the  luna r  su r face .  
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2 = a r e a  of the zone (cm ) 
A Z  

2 G = view a r e a  ( i n  c m  ) of the zone t o  the sun 
S 

G = view a r e a  f o r  s u n l i t  p a r t  of lunar  su r face  
e m  

G = view a r e a  f o r  shadowed p a r t  of lunar  su r face  
es 

Note t h a t  Equation (V-54) can be w r i t t e n  i n  the form 

AZoT4 = G dT + G 611 4 + as - ( IoGs  + 4,) e m  m es m s  E 
S 

(v -55 )  

Thus, the t e m p e r a t u r e  of each shroud zone i s  independent of t he  magni- 
tudes of the emit tance and s o l a r  absorptance and only depends on the  s o l a r  
absorptance - t o  -emittance rat i o .  

The heat f lux  i n t o  the  l i q u i d  hydrogen s torage  v e s s e l  a t  a given t i m e  
i s  ca l cu la t ed  from the  formula: 

I (V - 5 6 )  

where q(e1) = hea t  f lux  ( i n  w a t t s )  i n t o  the  LH s to rage  v e s s e l  a t  a 2 given sun e l e v a t i o n  ang le ,  

2 A z ( i )  = area ( i n  cm ) of  zone number i, 

IJ. = t he  s h i e l d i n g  f a c t o r  f o r  the  i n s u l a t i o n  sepa ra t ing  the  
inner  LH s to rage  v e s s e l  from the e x t e r n a l  shroud,  2 

0 
T ( i , e l )  = mean temperature ( i n  K) of  zone i a t  a given sun e l e v a -  

t i o n  ang le ,  

C ( i )  = pene t r a t ion  conductance ( i n  w a t t s / ' K )  i n t o  zone i ,  and 

= temperature of l i q u i d  hydrogen (assumed t o  be 20.4 K). 
0 
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I -  

I 

- 
The average f l u x  i n t o  the tank over a l una r  day, q, i s  found by i n t e g r a t -  
ing  q(e1) by the  t r apezo ida l  r u l e .  The per  cent  bo i l -o f f  of l i q u i d  
hydrogen pe r  year  i s  given by 

Q x 100 m h  B =  
fg 

(V-57) 

B = bo i l -o f f  rate ( i n  %) p e r  year ,  

Q = t o t a l  heat i n f l u x  ( in  w a t t s )  t o  the  cryogen i n  a one- 

m = i n i t i a l  mass ( i n  kg) of  s t o r e d  hydrogen, 

year  per iod ,  

-1 h = h e a t  of vapor i za t ion  ( i n  watts sec kg ) of t h e  l i q u i d  
f g  hydrogen. 
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V I .  COMPUTER PROGRAMS 

We prepared rnree programs t o  c a l c u l a t e  the average y e a r l y  bo i l -o f f  
rate o f  l i q u i d  hydrogen from a s torage vessel on the  su r face  of the  moon. 

A .  VIEW AReAS 

The f i r s t  program of  t h e  se t ,  w r i t t e n  FORTRAN I1 f o r  the  IBM 7090, 
i s  used t o  c a l c u l a t e  t h ree  view a reas  f o r  a p o r t i o n  ( t o  be r e f e r r e d  t o  
as a zone) of the c y l i n d r i c a l  vesse l :  

1. from the zone t o  the  unshadowed reg ion  of t h e  luna r  su r face  
( f o r  emission and f o r  r e f l e c t i o n ) ,  

2.  from the zone t o  t h e  shadow of t h e  v e s s e l  on the luna r  s u r -  
f ace ,  and 

3. from the zone t o  the  sun. 

Since t h e  sun is  considered t o  be a source of plane waves, t he  view area 
of  a zone of the v e s s e l  t o  the  sun is t he  area of the  zone p ro jec t ed  onto 
a p lane  perpendicular  t o  the sun l i n e .  
by the i n t e g r a l :  

This  view a r e a  i s  then def ined  

(VI  -1) 
J 

Z 
A 

2 where G s  = view area ( i n  cm ) of the zone t o  the  sun,  
2 

A = area ( i n  cm ) of  the zone, 
Z 
h u = u n i t  v e c t o r  from a point  on t h e  v e s s e l  t o  the sun ( i . e . ,  

t he  s a m e  as taking a u n i t  vec to r  from a po in t  on the  
luna r  su r face  t o  t h e  sun),  

A n = outward u n i t  normal t o  the su r face  of the  v e s s e l .  

The view a r e a  of a zone on t h e  ves se l  t o  the  unshadowed luna r  sur face  t o  
be used f o r  r e f l e c t i o n  was found by Hapke (1963) t o  be: 



2 where Gr  = view area ( i n  cm ) of the zone t o  the  unshadowed lunar  
su r face  t o  be used i n  c a l c u l a t i n g  f l u x  due t o  r e f l e c t i o n ,  

s = v e c t o r  ( i n  cm) d i r e c t e d  from a poin t  on the lunar  s u r -  
face  t o  a po in t  on the v e s s e l ,  

2 A = area ( i n  cm ) of the  unshadowed luna r  s u r f a c e ,  
m 

h(a,B,c)  = (as def ined  i n  Sec t ion  V ) ,  

-1 (u' , m) , (3 = cos 

4 

m = outward u n i t  normal t o  the luna r  s u r f a c e .  

The view area  of a zone on t h e  v e s s e l  t o  the  unshadowed luna r  su r face  t o  
be used i n  c a l c u l a t i n g  f lux  due t o  emission may be determined from Lambert 's 
l a w :  

(VI -3) 

S i m i l a r l y ,  t he  view area of a zone on t h e  v e s s e l  t o  the  shadow o f  the 
ves se l  i s  

(VI -4 )  

A A  
s z  

2 

sur face  t o  be used f o r  emiss ion ,  
2 

e s  ves se l  t o  be used f o r  emiss ion ,  and 

A = area ( i n  cm ) of the  shadow of the  vessel. 

where Gem = view area ( i n  cm ) of a zone to  the unshadowed luna r  

G = view area ( i n  c m  ) of a zone t o  the shadow of the  

2 
S 

6 4  

L 
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The view area program requ i r e s  as input  d a t a  t h e  azimuth and e l eva -  
t i o n  of  t he  sun ,  t h e  r ad ius  and height  of t h e  c y l i n d r i c a l  v e s s e l ,  t he  
d i s t ance  that the  vessel s t ands  above t h e  l u n a r  s u r f a c e ,  the compaction 
parameter,  a d e s c r i p t i o n  of  t he  zone on the v e s s e l ,  and the  mesh t o  be 
used i n  the  numerical  i n t e g r a t i o n  of G s ,  G r ,  Gem, G e s .  These d a t a  are 
given on a set of  5 ca rds  i n  the  FORTRAN format: 

I 5  F10.5 

1 as 

n t  2 

3 

4 

m 

r 
C 

dl 

*I5 dl 

6 g 
I I 

I5  6F10.5 , I 5  

F10.5 F10.5 

e l  

m r  

2 

d2 "d 

d2 "d 

z 
1 Z 

This  set  of c a r d s  must be followed by a blank. The d a t a  on the ca rds  are: 

n a d a t a  se t .  

where Card 1--Information on the  p o s i t i o n  of the  sun 

as = azimuth angle  ( in  degrees) of the  sun, 

e l  = e l e v a t i o n  angle  ( i n  degrees)  of the sun. 

(Note t h a t  e l  must  no t  be ze ro ,  because the  
program w i l l  not proper ly  handle a n  i n f i n i t e l y  
long shadow which begins  an  i n f i n i t e  d i s t a n c e  
from the vesse l  .) 

Card 2--Information f o r  i n t eg ra t ion  over the  luna r  su r face  

0 
n t  = number of d iv i s ions  t o  use per  180 and 

m r  = mean rad ius  ( i n  cm) of the f i r s t  r a d i a l  
m 

subdivis ion.  

Card 3--Descr ipt ion of the c y l i n d r i c a l  ves se l  

r = r ad ius  ( i n  cm) of the  cy l inde r ,  

from the  lunar  su r face ,  

C 

= d i s t ance  ( in  cm) of  t he  bo t t an  of the  v e s s e l  =1 
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z = d i s t ance  ( i n  cm) of the top of t he  v e s s e l  from 

ds = approximate mesh s i z e  ( in  cm) t o  be used i n  

the lunar  s u r f a c e ,  

i n t e g r a t i n g  over the  shadow, 

2 

n job = job number. 

C a r d  4--Descr ipt ion of a zone on s i d e  of the cy l inde r  

dly d2 = z l i m i t s  ( i n  cm) of the  zone, 

i n  the z dimension, 
nd = number of  subdiv is ions  t o  take i n  i n t e g r a t i n g  

t t = 0 l i m i t s  ( i n  degrees)  of the zone, 1’ 2 
n t  = number of  subdiv is ions  t o  take i n  i n t e g r a t i n g  

i n  the 0 dimension, 

n zone = zone number. 

C a r d  5--Descr ipt ion of zone on bottom of the cy l inde r  

d l ,  d2 = r l i m i t s  ( i n  cm) of  the zone, 

i n  the r dimension, 
nd = number of subdiv is ions  t o  take i n  i n t e g r a t i n g  

t l ,  t2’ n t  = n zone as i n  ca rd  4 .  

C a r d  6 - -Add i t i ona 1 in fo  ma t ion 

g = compaction parameter of the  luna r  su r face  t o  
be used i n  HapkeDs formula. 

The caid output  from the  view area program f o r  each  zone i s  a set  of 
th ree  cards  i n  the  FORTRAN format: 

315,4E15.8 

which conta in  the information: 

I 5  I 5  I 5  E15.8 E15.8 E15.8 E15.8 

G S  
1 n job  n zone a ( rad ians)  e l ( r a d i a n s )  

S 

Ge s 2 n job  n zone a ( r ad ians )  e l ( r a d i a n s )  
S Gem 

3 Grs n job n zone a ( rad ians)  e l ( r a d i a n s )  
S Gr 

1 



where 

(VI -5) 

which is  ca l cu la t ed  f o r  checking purposes. The p r in t ed  output  c o n s i s t s  
of t he  input  da t a  wi th  the n o t a t i o n  as given above. Following the  zone 
number i s  p r i n t e d  a C i f  t he  zone i s  on the s i d e  of the  c y l i n d e r  and a 
D i f  t he  zone is  on the  d i s c ,  i . e . ,  the bottom of the  v e s s e l .  The view 
a r e a s  are p r i n t e d  wi th  the  following notat ion:  

i nc iden t  sun 5 G 

Lambert - moon G 

Lambert - shadow E G 

Hapke - moon E G r 

Hapke - shadow 5 Grs 

S 

e m  

e s  

The remaining two programsof the  set of t h ree  w e r e  w r i t t e n  f o r  t he  
s p e c i f i c  case  of a vesse l  on the lunar  e c l i p t i c .  
divided. inco 30 zones, of which 6 a r e  on the bottom and 6 a r e  on the top 
of t h e  v e h i c l e .  The s i d e s  of the  vehic le  w e r e  d ivided i n t o  th ree  bands, 
each one- th i rd  the height  of t he  cy l inde r  and divided i n t o  6 zones of 
equal  area. The angular  d i v i s i o n s  of the top ,  the  bottom, and of each 

a 
Tgus, t he  symnetry of t he  choice of  zones on the  v e s s e l  a l lows  the number 
of view-area c a l c u l a t i o n s  f o r  each e l eva t ion  angle  t o  be reduced t o  16 
(excluding the  s imple Gs c a l c u l a t i o n  f o r  the zones on the  top  of t he  
v e s s e l ) .  
t o  c a l c u l a t e  view areas f o r  sun e l eva t ion  angles  between 0 and 90 . 
The numbering of t he  zones i s  shown i n  Figure V-1. 

The v e s s e l  has  been 

band co inc ide  and f a l l  E t  a + 30°, as + 90°, as + 150°, a, + 210°, 
+ 270°, and as + 330 , wfiere a i s  the azimuth angle  of  t he  sun. 

S 

Another advantage of the symmetry i s  t h a t  it i s  necessarx  only 
0 

B . CARD-TO-TAPE PROGRAM 

The second program of the set i s  a card- to- tape program w r i t t e n  i n  
FORTRAN I1 f o r  t h e  I B M  1401. For inputs ,  t h i s  program requ i r e s  sets of 
t h r e e  output  cards  from the  view-area program f o r  the  16 zones mentioned 
above and f o r  t he  7 e l e v a t i o n  angles:  Oo, 15O, 30°, 45O, 60°, 75O ' 0  90'. 
The view-area program cannot perform c a l c u l a t i o n s  f o r  t he  case of 0 
e l e v a t i o n  of t he  sun. The view a reas  f o r  0 e l e v a t i o n  were c a l c u l a t e d  
by e x t r a p o l a t i o n  from the  o the r  view a r e a  c a l c u l a t i o n s .  
set of  c a r d s  i s  one w i t h  a 4 i n  column 5 ,  which i n d i c a t e s  t he  end of 
t he  i n p u t  da t a .  
i n  1401 i n t e r n a l  n o t a t i o n ,  which conta ins  a record f o r  each s e t  of t h ree  

0 

Following t h i s  

The output  from t h i s  program i s  a magnetic t a p e ,  w r i t t e n  
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i npu t  ca rds  and a record f o r  one zone on t h e  top  of t h e  c y l i n d e r  a t  each 
e l e v a t i o n  angle.  The information on each record i s  as fol lows:  

C.  TEMPERATURE OF ZONES AND BOIL-OFF RATE 

The f i n a l  program of t h e  set  c a l c u l a t e s  t h e  temperatures of t h e  
zones of  t he  vessel and t h e  percent  boi l -off  of l i q u i d  hydrogen per  
year.  Although w e  assumed t h a t  t h e  l u n a r  s u r f a c e  r e f l e c t s  s o l a r  r a d i a t i o n  
according to  Hapke's photometric func t ion ,  t h e  c a l c u l a t i o n s  compare 
t h e  temperatures c a l c u l a t e d  by using Hapke's formula wi th  t h o s e  c a l c u l a t e d  
assuming a Lambert c o s i n e  r e f l e c t o r .  

The temperatures of t h e  zones are c a l c u l a t e d  by us ing  Equationl(V-54) 
and t h e  heat  f l u x  i n t o  t h e  s t o r a g e  v e s s e l  i s  computed by using Equation 
(V-56). The program a l s o  c a l c u l a t e s  t h e  percentage of l i q u i d  hydrogen 
boi l -of f  p e r  year  by using Equation (V-57). 

The input da ta  requi red  f o r  t h e  program involving t h e  h e a t  f low 
equat ions  ( s e e  s e c t i o n  V-E) are given on f o u r  c a r d s  and t h e  t a p e  
previously descr ibed .  The f i r s t  card has  t h e  d a t a  KON, AE, A,B,SF 
i n  t h e  format: 

11, F9.4,3F10.4 

where 

KON = 0 (when Hapke view areas are  used i n  t h e  l u n a r  s u r f a c e  
r e f l e c t i v i t y  c a l c u l a t i o n )  and 

= 1 (when Lambert view areas are used) ,  

AE = t h e  a b s o r p t i v i t y / e m i s s i v i t y  r a t i o  of t h e  vessel shroud, 

A = t h e  albedo f r a c t i o n  f o r  t h e  l u n a r  s u r f a c e ,  

B = t h e  p a r t i c l e  r e f l e c t i v i t y  f a c t o r ,  and 

SF = t h e  s h i e l d i n g  f a c t o r  f o r  t h e  m u l t i l a y e r  i n s u l a t i o n .  

The remaining ca rds  g ive  t h e  conductance ( i n  watts/'K) i n t o  t h e  ves- 
sel f o r  each zone i n  t h e  format:  



The integer in column 1 of these cards defines the zones on that card. 

Column 1 

2 conductance for zones 1 - 10 in order, 

3 conductance for zones 11 - 20 in order, 
4 conductance for zones 21 - 30 in order. 
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VII. - PROGRAM RESULTS AND CONCLUSIONS 

t 

The numerical  r e s u l t s  of the  a n a l y s i s  of t h e  boi l -off  l o s s e s  from a 
cryogenic  v e s s e l  s t o r e d  on t h e  lunar  s u r f a c e  are d iscussed  i n  t h i s  
s e c t i o n .  The computer t a b u l a t i o n s  a r e  shown i n  g raph ica l  form and t h e  
s i g n i f i c a n t  r e s u l t s  are summarized. 

F igures  VII-1 and VII-4 show the v i e w  f a c t o r s  from the  va r ious  zones 
of t h e  v e s s e l  t o  t h e  shaded and i l lumina ted  po r t ions  of t h e  luna r  su r face .  
The view f a c t o r  f o r  s o l a r  r a d i a t i o n  r e f l e c t e d  from t h e  luna r  s u r f a c e  
c a l c u l a t e d  from Lambert 's l a w  i s  g r e a t e r  than  t h e  view f a c t o r  c a l c u l a t e d  
from Hapke's photometric func t ion .  The luna r  su r face  w a s  assumed t o  be 
Lambertian i n  emission; t h e r e f o r e ,  the view f a c t o r  f o r  emit ted i n f r a r e d  
r a d i a t i o n  from t h e  lunar  su r face  w a s  c a l c u l a t e d  from Lambert 's l a w .  

F igures  VII-5 shows t h e  r e f l e c t e d  s o l a r  r a d i a t i o n  inc iden t  upon 
Zones 1, 2 ,  7, and 8 f o r  var ious  sun e l e v a t i o n  angles  according t o  
computations us ing  t h e  Hapke photometric funct ion.  Zones 1 and 2 are 
loca ted  a t  t h e  bottom and Zones 7 and 8 on t h e  s i d e  of t he  v e s s e l .  

F igure  VII-6 shows t h e  r a d i a t i v e  hea t  f l u x  inc iden t  upon t h e  o u t e r  
shroud a t  va r ious  t i m e s  dur ing  a luna t ion .  The component of s o l a r  
r a d i a t i o n  r e f l e c t e d  by t h e  lunar  sur face  according t o  t h e  Hapke photo- 
metric func t ion  i s  s m a l l  compared t o  t h e  inc iden t  s o l a r  f l u x  and t h e  
l u n a r  surface thermal-emission cnmponects . EJ,cwt?ver, f ~ r  the a s s i i m ~ d  
condi t ions  the s o l a r  r a d i a t i o n  r e f l e c t e d  by the lunar  su r face  according 
t o  Hapke's photometric func t ion  i s  about ha l f  t h a t  i f  the lunar  su r face  
were t o  r e f l e c t  according t o  Lambert 's l a w .  We be l i eve  t h a t  t h i s  d i f -  
f e r ence  i s  caused by the s t rong  r e t r o r e f l e c t i o n  of a Hapke-type r e f l e c t o r .  

The maximum i n c i d e n t  s o l a r  f l u x  i s  rece ived  by t h e  ou te r  shroud 
s h o r t l y  a f t e r  s u n r i s e  and s h o r t l y  before  sunse t  when both t h e  top  and 
t h e  s i d e s  of t h e  v e s s e l  are i l luminated.  The bottom of t h e  v e s s e l  does 
n o t  receive s o l a r  f l u x  except during a per iod  of about s i x  minutes a t  
s u n r i s e  and a t  sunse t .  A sharp  decrease i n  t h e  inc iden t  s o l a r  f l u x  occurs  
a t  noon when t h e  s i d e s  do not  rece ive  any s o l a r  r ad ia t ion .  This  momentary 
shadowing has  only a s m a l l  e f f e c t  on t h e  ou te r  shroud temperature.  
c a l c u l a t i o n s  d i d  no t  t a k e  i n t o  account t h e  fact  t h a t  t h e  s o l a r  r a d i a t i o n  
is no t  co l l imated  but  subtends an angle  of 32 minutes.  For t y p i c a l  
c o n d i t i o n s ,  t h e  e r r o r  i n  the  temperature of t h e  ou te r  shroud due t o  the  
assumption t h a t  t h e  sun l igh t  i s  co l l imated ,  is about .03'K. 

The 

The luna r  s u r f a c e  thermal emission is  t h e  most s i g n i f i c a n t  component 
c o n t r i b u t i n g  t o  t h e  hea t  f l u x  inc ident  upon t h e  ou te r  shroud. 
t h e  e x a c t  magnitude of t h e  luna r  su r face  i n f r a r e d  emit tance has  no t  been 
e s t a b l i s h e d ,  an  assumed emit tance of u n i t y  w i l l  g ive  conserva t ive  r e s u l t s .  
The magnitude of t h e  t o t a l  r a d i a n t  heat  f l u x  inc iden t  upon t h e  o u t e r  
shroud of t h e  cryogenic  s to rage  vessel is  so  l a r g e ,  compared t o  t h e  f l u x  
due t o  s u n l i g h t  r e f l e c t e d  from t h e  lunar  s u r f a c e , t h a t  t he  depa r tu re  of 
t h e  photometr ic  func t ion  from Lambert's l a w  is  of s l i g h t  importance. 

Because 

71 atthur ?D.WtttIc,Bnr. 
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Table V I I - I  i l l u s t r a t e s  t h e  e f f e c t s  of d i f f e r e n t  l una r  s u r f a c e  
shadow temperatures on t h e  t o t a l  i n c i d e n t  hea t  f l u x  f o r  Hapke's photo- 
metric func t ion  a t  d i f f e r e n t  sun e l e v a t i o n  angles .  A s  t h e s e  r e s u l t s  
i n d i c a t e ,  t h e  e f f e c t s  of t h e  l u n a r  s u r f a c e  shadow temperatures  are 
n e g l i g i b l e  because of t h e  small  magnitude of t h e  luna r  s u r f a c e  thermal 
emission from t h e  shadow. 

Figures VII-7 and V I I - 8  show t h e  boi l -of f  ra te  i n  percent  per  year  
f o r  d i f f e r e n t  i n s u l a t i o n  s h i e l d i n g  f a c t o r s  and v a r i o u s  r a t i o s  of s o l a r  
absorptance t o  i n f r a r e d  emit tance of t h e  o u t e r  shroud. These c a l c u l a t i o n s  
are  based on t h e  assumption t h a t  t h e  luna r  s u r f a c e  r e f l e c t s  r a d i a t i o n  
according t o  Hapke's photometric func t ion .  For an  i n s u l a t i o n  s h i e l d -  
i ng  f a c t o r  of about 5,000, t h e  boi l -of f  ra te  would be i n  t h e  o r d e r  of 
30% p e r  year f o r  a high a / E  r a t i o .  Reductions i n  t h e  boi l -off  ra te  
f o r  an i n s u l a t i o n  s h i e l d i n g  f a c t o r  g r e a t e r  than 15,000 are  no t  very 
s i g n i f i c a n t .  Increased i n s u l a t i o n  s h i e l d i n g  f a c t o r s  w i l l  r e s u l t  i n  a n  
increase i n  weight and th ickness  of t h e  i n s u l a t i o n  and thus  d e t r a c t  
from t h e  advantages of a decrease  i n  t h e  boi l -off  ra te .  
most o p t i m i s t i c  condi t ions  of very high i n s u l a t i o n  s h i e l d i n g  f a c t o r s  
and very  low a / E  r a t i o s ,  t h e  boi l -off  r a t e  would be about 7% per  year  
f o r  t h e  model cryogenic v e s s e l  considered.  

S 

Even under t h e  

S 

Figure VII-9 shows t h e  dependence of t h e  boi l -off  ra te  on t h e  r a t i o s  
of t h e  ou te r  shroud s o l a r  absorptance t o  i n f r a r e d  emit tance f o r  v a r i o u s  
p e n e t r a t i o n  conductances and l u n a r  s u r f a c e  r e f l e c t i o n  l a w s  f o r  an  
i n s u l a t i o n  s h i e l d i n g  f a c t o r  of 10,000. Ins tead  of using a conductance,  
w e  used a s h i e l d i n g  f a c t o r  t o  c h a r a c t e r i z e  t h e  hea t  f low through t h e  
i n s u l a t i o n .  This permits  c a l c u l a t i o n  of t h e  hea t  f low through t h e  
i n s u l a t i o n  using t h e  d i f f e r e n c e  i n  T4 i n s t e a d  of t h e  d i f f e r e n c e  i n  T .  
To be ab le  t o  r e l a t e  s h i e l d i n g  f a c t o r s  t o  m u l t i l a y e r  i n s u l a t i o n  systems, 
Figure VII-10 shows t h e  dependence of s h i e l d i n g  f a c t o r s  on d i f f e r e n t  
numbers,of r a d i a t i o n  s h i e l d s  and emi t tances ,  and Table V I I - I 1  g i v e s  
t y p i c a l  thicknesses  of m u l t i l a y e r  i n s u l a t i o n s  f o r  d i f f e r e n t  numbers of 
r a d i a t i o n  s h i e l d s .  

The t o t a l  p e n e t r a t i o n  conductances,  even though a s m a l l  percentage 
of t h e  effective i n s u l a t i o n  conductance,  have a n  important e f f e c t  on 
t h e  boi l -off  rate. To i l l u s t r a t e  t h e  magnitude of t h e  p e n e t r a t i o n  and 
e f f e c t i v e  i n s u l a t i o n  conductance, l e t  t h e  i n s u l a t i o n  be exposed t o  a 
temperature of 300°K on i ts  o u t e r  boundary and t o  20.4"K on i ts  inne r  
boundary. For i n s u l a t i o n  s h i e l d i n g  f a c t o r s  of 5,000, 10,000, and 20,000, 
e f f e c t i v e  conductances of t h e  i n s u l a t i o n  are 47.2 x w a t t s / " K ,  
2 3 . 6  x 
nominal conductance of t h e  t o t a l  p e n e t r a t i o n  is 3.18 x lo-' w a t t s / " K .  

watts/"K, and 11.8 x 10-3 w a t t s / " K  r e s p e c t i v e 1  . The 
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TABLE V I I - I  

EFFECTS OF LUNAR SURFACE SHADOW TEMPERATURES 
ON TOTAL INCIDENT HEAT FLUX (HAPKE) 

Sun Elevat ion  (Kilowatts)  
= 8 0 ° K  Tmin T m i n  = 100°K Tmin = 122°K Angle - 

0" 49. e 49.19 48.95 

15 " 77.65 77.62 77.60 

30" 97.11 97.05 97.02 

45 109.15 109.07 109.03 

60" 114.67 114.59 114.55 

75" 113.61 113.52 113.48 

90  " 106.90 106.83 106.80 
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TABLE VII-I1 

TYPICAL THICKNESSES OF MULTILAYER INSULATIONS 
FOR DIFFERENT NUMBERS OF RADIATION SHIELDS 

Number of Multilayer Insulation Thickness 
Radiation .007" Thick Crinkled .003" Thick 
Shields 

50 

100 

200 

300 

400 

Netting Nylon 

0.95" 

1.90" 

3.80" 

5.70" 

7.60" 

Polyester Film 

0.75" 

1.50" 

3.00" 

4.50" 

6.00" 

Glass Fiber Paper 

1.35" 

2.70" 

5.40" 

8.10" 

10.80" 
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APPENDIX A 

EFFECTS OF SKIN CONDUCTANCE AND THERMAL MASS 

A one-dimensional, t r a n s i e n t  thermal ana lys i s  of the  h e a t  flow 
i n  the  s k i n  w a s  made t o  test the assumption t h a t  the  conductance of 
the  o u t e r  s k i n  of the v e s s e l  and the thermal mass of the s k i n  do not  
apprec iab ly  inf luence  t h e  hea t  f l u x  i n t o  the ves se l .  We de f ine  the  
thermal mass of an o b j e c t  t o  be the  product of the h e a t  capac i ty  and 
the  i n e r t i a l  mass of the ob jec t .  

L 

Tfr? temperature d i s t r i b u t i o n s  i n  a s e c t i o n  of t h e  s k i n  were calcu-  
l a t e d  by using the  Wethod o f  Zones" (Strong and Emslie, 1965) f o r  two 
s i t u a t i o n s  : 

(a) Case I -- The sk in  was assumed t o  have a f i n i t e  azimuthal 
conductance and thermal mass. 

(b) Case I1 -- The sk in  was assumed t o  be non-conducting 
and t o  have no thermal mass. 

The temperature d i s t r i b u t i o n s  were ca l cu la t ed  without  consider ing 
a thermal conductance between the sk in  and cryogen. 

Figure A - 1  shows the  dimensions of t he  sk in  s e c t i o n ,  assumed t o  
be made of 6061 aluminum and t o  have t h e  following c h a r a c t e r i s t i c s :  

Thickness - 0.159 (1/16") 
Conduct ivi ty  - 1.5 watts/cm-K 

S p e c i f i c  Heat - 1 . 0  joule/g-K 
Density - 2 . 7  g lcc  

The sec t ion  of sk in  was taken  t o  be 244 cent imeters  i n  he ight  
and was subdivided azimuthal ly  i n t o  6 zones. 
because of t h e  symmetry of t h e  problem, only s i x  zones a r e  requi red  t o  
compute t h e  temperature  d i s t r i b u t i o n .  
w r i t t e n  i n  order  t o  compute t h e  temperature h i s t o r y  o f  each zone and 
t h e  seven boundary temperatures .  
t h e  Arthur  D .  L i t t l e ,  I nc .  Trans ien t  Thermal Analysis Computer Program 

A s  shown i n  F igure  A - 1 ,  

Heat-balance equat ions  were 

The equat ions were solved by use of 

A s p e c i a l  program was w r i t t e n  t o  compute t h e  heat  f l u x  from t h e  
s k i n  t o  t h e  in su la t ed  cryogenic ves se l .  
was computed from t h e  mean temperatures of  t h e  s i x  zones by using t h e  
fo l lowing  equat ion:  

The hea t  f l u x  i n t o  t h e  v e s s e l  

4 n Ai o/(T:(t) -T ) d t  

H2 
s = c  

i=i 

85 



i3 ii 9 7 5 3 1  

Note 

6= 0.159 cm 

Numbers on diagram identify temperatures used in the 
calculations. 

FIGURE A-1 DIAGRAM OF SKIN SECTION 
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I where 9 -  

Ai - 
u -  

n -  

Ti - 
T -  

HZ 
t -  

t o t a l  hea t  f l u x  (wat ts)  

a r ea  of zone (cm ) 2 

sh ie ld ing  f a c t o r  

number of  zones 

mean temperature of s k i n  (K) 

assumed temperature of LH2 (20.4 K) 

t ime 

The computations of  t h e  t o t a l  heat  f l u x  f o r  t h e  two cases  were made 
f o r  a t i m e  per iod  o f  13.65 days 
tween t h e  two cases ,  d i r e c t  sunl ight  was the  only input  power considered 
f o r  t h i s  example. 
e x t e r n a l  su r f ace  of t h e  sk in  was taken t o  be 1.0; t he  s h i e l d i n g  f a c t o r ,  
10,000. The t i m e  i n t e r v a l  used i n  the c a l c u l a t i o n s  of the t r a n s i e n t  

and, t o  accentua te  t h e  d i f f e r e n c e s  be- 

The s o l a r  absorptance-to-emittance r a t i o  of  t he  

temperatures of the  s k i n  was 6.8 m i n u t e s .  

! 
I 
I 
i 

Figure  A-2 shows a graph of the  temperatures  caicuiated Eo+ z x i e  2 .  
The i n c l u s i o n  of thermal mass and azimuthal conductance has  n e g l i g i b l e  
e f f e c t  except during t h e  t i m e  when t h e  zone i s  shadowed from d i r e c t  
s u n l i g h t .  I f  t h e  o the r  two sources of  i nc iden t  power ( r e f l e c t e d  sun- 
l i g h t  and i n f r a r e d  r a d i a t i o n  emitted from t h e  lunar  sur face)  had been 
included , t h e  d i f f e r e n c e s  i n  ca l cu la t ed  temperatures  between Cases I 
and I1 would be n e g l i g i b l e .  

t 

Although t h e  temperatures  o f  the  sk in  a r e  d i f f e r e n t  f o r  t h e  two 
cases  when t h e  zone i s  shadowed, t h e  hea t  f l u x  i n t o  t h e  cryogenic s to rage  
vessel i s  n e a r l y  t h e  same fo r  both cases  because t h e  t o t a l  hea t  f l u x  i s  
almost  e n t i r e l y  c a r r i e d  by t h e  f lux  leaking i n  from the  i l lumina ted  s i d e  
of t h e  v e s s e l .  For  t h e  p a r t i c u l a r  s i t u a t i o n  descr ibed ,  t h e  r a t i o  of t h e  
t o t a l  hea t  l eaks  f o r  t h e  two cases  was c a l c u l a t e d  t o  be 

0.97 91 

qII 
- =  

i s  t h e  ca l cu la t ed  heat l e a k  t o  t h e  s torage  v e s s e l  for a qI where 
f i n i t e  s k i n  conductance and thermal mass, and q i s  the  ca l cu la t ed  hea t  
l eak  when t h e  thermal  mass and azimuthal conduchance o f  t he  sk in  a r e  
neg lec t ed .  For a l l  p r a c t i c a l  purposes, t he  3% e r r o r  w i l l  not be impor- 
t a n t  s i n c e  t h e  unce r t a in ty  i n  sh ie ld ing  f a c t o r  a lone  w i l l  r e s u l t  i n  

I I 

I 
I l a r g e r  u n c e r t a i n t i e s  i n  the  cunputed hea t  leak .  
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We a l s o  wish t o  i n v e s t i g a t e  the v a l i d i t y  of the assumption t h a t  
the  thermal m a s s  of the  i n s u l a t i o n  does not  s i g n i f i c a n t l y  a f f e c t  the  
average h e a t  l eak  i n t o  the  cryogenic s torage  v e s s e l .  The behavior 
of the  i n s u l a t i o n  dur ing  the i n i t i a l  t r a n s i e n t  w i l l  n o t  be cons idered ,  
s i n c e  t h i s  depends on the  temperature d i s t r i b u t i o n s  e x i s t i n g  dur ing  
the  t r a n s f e r  o r b i t .  We w i l l ,  t he re fo re ,  analyze the p e r i o d i c  behavior 
of t h e  i n s u l a t i o n ,  s i n c e  the  s to rage  v e s s e l  i s  expected t o  remain on 
the  luna r  su r face  f o r  about one year .  

We w i l l  c h a r a c t e r i z e  the  i n s u l a t i o n  by an e f f e c t i v e  thermal con- 
d u c t i v i t y  K ,  an e f f e c t i v e  d e n s i t y  , heat  c a p a c i t y  c and th ickness  a.  
While t h e  conduc t iv i ty  of t y p i c a l  i n s u l a t i o n s  i s  a func t ion  of temper- 
a t u r e ,  w e  w i l l  use 2 l i n e a r  model i n  order t o  make. the  a n a l y s i s  p o s s i b l e .  

The temperature,  T ,  of the i n s u l a t i o n  i s  determined by the usua l  
d i f f u s i o n  equat ion  

a T  a 2T 
C P % = K - -  2 

ax 

where t i s  the  t i m e  
x i s  t h e  coord ina te  normal t o  the i n s u l a t i o n ,  w i t h  o r i g i n  a t  

the o u t s i d e  s k i n .  

The gene ra l  p e r i o d i c  s o l u t i o n  t o  Equation 2 i s  
03 

i y  x 
+ T o - h  inwt 

> e  
i Y  nX n + T  e -n T = 1 (T* e (3) 

n = l  

where 
T are Four i e r  series c o e f f i c i e n t s  determined from the boundary 

cond i t ions  Tn'  -n 

T i s  the  average temperature of the  s k i n  
0 

T - TH 
2 0 

A =  a 

i s  the  temperature of  the cryogen, a cons t an t .  
TH 2 

The hea t  f l u x ,  q ,  a t  the  inner  wall of the  v e s s e l ,  x = a ,  i s  
g iven  by the  expres s ion  



inwt 
C l e a r l y  the terms wi th  t h e  p e r i o d i c a l l y  vary ing  f a c t o r s  e w i l l  
drop ou t  when the value of  
Therefore ,  

i s  obtained by averaging q over a per iod .  

and thus the average f l u x  t o  t he  cryogen i s  independent of t he  hea t  
capac i ty  of the s h i e l d i n g .  



APPENDIX B 

S H I E L D I N G  FACTOR 

I n  a d i scuss ion  of evacuated mul t i l aye r  i n s u l a t i o n  systems appl ied  
t o  cryogenic s to rage  v e s s e l s  it i s  convenient t o  d e f i n e  a s i n g l e  para-  
meter which can be used t o  cha rac t e r i ze  t h e  thermal performance of  t h e  
i n s u l a t i o n  system. 

For example, consider  t h e  case  of a system of " f loa t ing"  r a d i a t i o n  
s h i e l d s  in te rposed  between an ou te r  sk in  whose temperature i s  T 
cryogenic  s to rage  v e s s e l  whose temperature is T 
i n g  sketch.  

and a 
a s  shown i n  tEe follow- t '  

FLOATIVG RADIATION S H I E L D S  - 
OUTER SHROUD 

E=l 

yl 
E 

S 
6=1 

STORAGE VESSEL 
WALL 



We assume t h a t  t h e  emittance of each s h i e l d  i s  and t h a t  t h e  
o u t e r  shroud and s t o r a g e  v e s s e l  su r f aces  have an emi t tance  of un i ty .  
The ne t  r a t e  of hea t  flow between t h e  o u t e r  shroud and t h e  s t o r a g e  
vessel w a l l  f o r  a system of f l o a t i n g  r a d i a t i o n  s h i e l d s  i s  given by 
t h e  express ion  

4 4 uTs -UT, 
9 =  
A 2n/cs -t 1 

2 where g = hea t  f l u x  ( i n  w a t t s / c m  ) 
A 

n = number of f l o a t i n g  r a d i a t i o n  s h i e l d s  

E = s h i e l d  emittance 

T = o u t e r  shroud temperature 

T = s t o r a g e  v e s s e l  w a l l  temperature 

S 

S 

t 

We d e f i n e  a s h i e l d i n g  f a c t o r  p as 

For a t y p i c a l  cryogenic i n s u l a t i o n  system which u t i l i z e s  a mul t i -  
p l i c i t y  of low emi t tance  s h i e l d s  t h e  above equat ion  can be  approximated 
by t h e  express ion  

2n p ” -  
E 

S 

For a t y p i c a l  case  of 200 s h i e l d s  of emi t tance  E = 0.04 ,  t h e  s s h i e l d i n g  f a c t o r  i s  

p = 10,000 

I n  any rea l  system of s h i e l d s ,  t h e r e  i s ,  of course ,  conduction of 
hea t  between t h e  s h i e l d s .  For m u l t i l a y e r  i n s u l a t i o n  systems, t h e  va lue  
of t h e  sh i e ld ing  f a c t o r  i s  exper imenta l ly  determined by c a l o r i m e t r i c  
methods (Black e t  a l ,  1964) .  It i s  found t h a t  t h e  s h i e l d i n g  f a c t o r  i s  
very  nea r  t h e  va lue  c a l c u l a t e d  when conduction is  ignored. 
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APPENDIX C 

WALL TEMPERATURE 

We de f ine  an  a d i a b a t i c  wal l  temperature as one where a l l  conductive 
h e a t  f l uxes  a r e  neglected.  For purposes of c a l c u l a t i n g  the  h e a t  f l u x  
t o  a h ighly  i n s u l a t e d  cryogenic s torage tank t h i s  method has been t r e a t e d  
by Bonneville (1964). 

Consider a u n i t  a r e a  o f  t h e  surface of a h ighly  i n s u l a t e d  cryogenic 
s torage  tank  t o  be i l lumina ted  by a constant  r a d i a t i v e  f l u x ,  S ,  and l e t  
t h e  absorptance and emit tance o f  t h e  o t t e r  sk in  be a 0 and E , r e spec t -  
i v e l y  . 

vesse l  by a m u l t i l a y e r  i n s u l a t i o n  whose e f f e c t i v e n e s s  i s  cha rac t e r i zed  
by a sh i e ld ing  f a c t o r  . 

The sk in  i s  assumed t o  be separated f r m  t h e  cryogenic s to rage  

From t h e  hea t  balance on t h e  outer  sk in  w e  f ind  t h e  expression 

w'he r e 

T s  - ou te r  sk in  temperature 

!J - i n s u l a t i o n  sh ie ld ing  f a c t o r  

To - cryogen temperature  

S - i nc iden t  hea t  f l u x  

We def ine  t h e  a d i a b a t i c  wal l  temperature, T such t h a t  it s a t i s -  
sa' f i e s  t h e  equat ion 

a 
S 4 -  0 aTsa - 

E 

1 4 4 
lJ 

The term - (0  Ts - u To ) i n  t h e  hea t  balance equat ion r ep re -  

, w e  f i n d  
s e n t s  t h e  n e t  r a t e  of heat flow t o  the cryogen, and i f  t h i s  t e r m  i s  
small wi th  r e s p e c t  t o  t h e  f l u x  emitted t o  o u t e r  space 
t h a t  

4 

S Tsa  T 
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W e  a l s o  note t h a t  t h e  a d i a b a t i c  w a l l  temperature i s  independent of t h e  
magnitudes o f  t h e  end t t ance  and absorp tance .  

The e r r o r  involved i n  c a l c u l a t i n g  the temperature when the ' hea t  f l u x  
t o  the  cryogen i s  neglec ted  can be e a s i l y  ca l cu la t ed  f o r  a t y p i c a l  cryo- 
gen ic  stozage v e s s e l  where the  s h i e l d i n g  f a c t o r  u i s  a l a r g e  number and 

4 Ts4 >> To 

Combining equa t ions ,  w e  f i nd  t h a t  

m 4  
1 = 1 +  - L sa 

'F 4 ?JE 
d. s 

Taking a t y p i c a l  va lue  of ?J = 10,000 and E = 1.0,  w e  f i nd  t h a t  t h e  
e r r o r  i n  the f o u r t h  power of t h e  temperature i s  0.01%. T h i s  i s  a l s o  t h e  
e r r o r  introduced i n  t h e  computa t im  of t h e  hea t  f l u x  t o  t h e  s t o r e d  cryo- 
gen i f  t h e  a d i a b a t i c  temperature i n s t e a d  of t h e  a c t u a l  s k i n  temperature 
i s  used t o  c a l c u l a t e  t h e  inward hea t  f l u x .  

The e r r o r  i n  t h e  temperature may be c a l c u l a t e d  by expanding about 
t h e  temperature T . s 

L e t  T = T + A T  sa S 

= uTs + 4 u Ts3 AT 
4 

sa Then 

S 
1 T  and AT = - 
?JE 4 

For E = 1.0 

p = 10,000 

T S  397'K 

we find t h a t  

Tsa - T s  = O.Ol°K 

i . e .  , an e r r o r  of 0.0025% i n  a b s o l u t e  tempera ture .  



Because the  s h i e l d i n g  f a c t o r s  used i n  t h i s  example are t y p i c a l  of 
an i n s u l a t e d  v e s s e l  on the  su r face  of the  moon, the a d i a b a t i c  w a l l  
temperature can be used i n  p l ace  of the s k i n  temperature i n  c a l c u l a t -  
i ng  the  bo i l -o f f  of t he  cryogen i n  the v e s s e l .  
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